, B
STUDIES ON NS THE PHOSPHOPROTEIN OF - - /
VESICULAR STOMATITIS VIRUS

by

JOHN CAMERON BELL, ‘B.Sc.

" A Thesis
Submitted to the Faculty Of Graduate Studies
in Partial Fulfilment of the Requirements
for the Degree
Doctor of Philpsophy

McMaster University

Ma‘rch-: 1983



L]
L]

STUDIES ON NS THE PHOSPHOPROTEIN OF
' . VESICULAR STOMATITIS VIRUS



- : .
DOCTOR OF PHILOSOPHY (1983) - ¥cMASTER UNIVERSITY

(Department of Bioclogy) Hamilton, Ontario

<

TITLE: Studies on NS the Phosphoprotein of Vesicular
Stomatitis Virus .

hY

AUTHOR: John Cameron Bell, B.Sc, (McMaster University)

o

SUPERVISOR: Dr. L. A. Prevec, Ph.D.

' NUMBER OF PAGES: 198



ABSTRACT - .

The vesicular sfomatitis virus phosphorrotein,
NS, was the subject of this inﬁéstigation. Multiple
forms of NS protein we;e identified in Piry infected
cells., These multiple species were demonstrated to be
related by comparative peptide mapping under conditions
of complete or partial digestion. Furtherﬁore, kinetic
stud;es revealed that one of the NS forms (N%i) could
be convertéﬁ ihto a maturé NS form (NSV) by a covalent
post-tranélational‘md&ification.' The natﬁreAOf this
modification was inves#igatEd using inhibitors of toth
rhosphorylation and acetylatioen. -‘

NS:protein isolated from cells infected with
the Indiaﬁa serotype was stgucturally characterized by
a variety of techniques incluéing enzymatic digestioh,
chemical ‘cleavage and partial acid hyzg?lysis. The

a

observations presented here indicate

—

t NS~exists

under denaturing conditions as a monomer and is

post-translationally modified by multisite phqsphorylatlon.

NS isclated from 1nfected cells appears to be phosphorylated

toward the amino terminus of the polypeptide primarily
in one‘large tryptic peptide, : -

Monospecific antisera were raised against

iii _



-t

SDS-volyacrylanide gel purified Indiana virion progeins.
These sera were used to investisgate virai-protein
aggregates in both viriens and infected cellé. In
particular it was demonstrated that a vrotein kinase
activity capable of in vitro rhosphorylation of NS
protein could te identified in immunoprecipitates of
NS protein.

The significance of these findings ‘with respect

“o other published observations is discussed,
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INTRODUCT ION

In recent years it has been recognized thap a
protein’s function may be regulated by reversiple covalent
modification of that protein’s primary structure (Cohen,
1976; Wold, 1981). The orlglnal observation.which generated
thls concept was made in 1956 by Krebs and Fischer when
they demonstrated the existence of two i terconvertible
forms of mammalign glycogen phosphoryldse, an active
phosphorylated "a” form and an inacti e dephosphofylated
"b" form. Now many years later although a multitude of
systems appear to be controlled in a similar fashion the
complex1ﬁ1es of this type of regulation are still -
‘incompletely understood, | One approach whlch has frequently
been used to unravel complex cellular nroblems is to look
at 31mp1er 1solated viral systems. In this respect a well
defined, self contalned v1rus énzyme system controlled
'by phOSphorylatlonsdephosphorylatlon could serve as a
useful model for studying this mode of'regulation.

‘ . The work carried out in this thesis was- directed
toward ‘further chanacterization of NS the ‘phosphoprotein -
of vesicular stdpatltls virus (VSV), The information
-gleaned from this project w111 a1d ln'fgjﬁ:nderstandlng
of the role of phosphorylatlon in the regulatlon of "

-

NS protein activity. 1In turn, this knowledge may eventually
- ‘ 3‘, :
-1l -
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-~

lead to the development of the afore mentioned viral
model systém.

In the following is provided a brief deseription
of vesicular stomatitis virus and a summary of what is
known of the various steps in the viral renroauctive

b

- cycle, Evidence is then presented supporting the central
role of phosphorylatlon in a wide variety of cellul;;
phy51olog1cal events, Follow1ng this is a seqﬁlon dealing
with viral strategies with-respecf'to phosphorylation and
a presentation of a number of specific examples of viral
proteins regulated by phosphorylationtdephosphorylation
mechanisms. The final portion of this.section contain;
a synopsis of some of fhe unigque characteristicé of

VSV NS protein, N L

1, Vesicular Stomatitis Virus %tggpture

Vesiculég stomatitis virus (VSV), a member of the
rhabdovirus group is é bullet shaped, lipoprétéin enveloped
pafticle containing a sing(é stranﬁ RNA genome, The
ﬁégative sense (non-infectious) genome has a moleculér
weight of Qxios Daltons (Huang and Wagner, 1966; Kang |
and Prevec; 1971) and is cdapable of coding for five
distinct proteins, All five gene products are components
of the matﬁre virion. The glycoprotein, G, protrudes
from the viral envelope while the matrix protein M, lies
just under the viral membrane possibly interacting with

both the ribonucleoprotein core and transmembraneous

ﬂb : . ' b\'



G pfotein (Mudd and Swanson, 1978). The polymerase
protein L, phosphoprotein NS and nucleocapsid protein N
.are all intimately a soéiated with the viral genome

in a rlbonucleoproteln complex ﬁEmerson and Yu, 1975).

2. VSV Reproductlve Cycle

-

. VSV appears to be a very promiscpous virus
capable of infecﬁing a wide variety of insect, avian,
marsupial and maﬁmalian hosts (Yang et g%.,_1969;
Murphy and Shope, 1971;_Pring1e,'1978). The infectious
process is probably initiated. by either virusihost ’

membrane fusion or by a plnocytotlc event (Simpson

et al., 1969; Heine and Schnaltman, 1971), Electron
mlcroscoplcbev1dence suggests that whilg both phenomena
occur (i,e, fusion and pinocytdsis)‘the predominant

- mechan}sé is viropekis {Dahlbverg, 1974), Pan and Sefton

(1978) using_immunnlysis of infected cells as an indicator
of viralihost brane, fusion confirmed the E/M studies.
 Their wofk indicat that hﬁgh multiplicities membrane
fu31on can occur, however, the major (and probably
physioclogical) mode of entry is vy viropex;%.

In vitro transcrlptlon studies suggest that prlmary
transcription can occur only if the viral membrane is |
disrupted (Emersomand Wagner, 1972), Therefore the next
 step in infection following viropexis must be rembval of
the virion envelopé (i,e, virus uncoatzng) Witt et al.,

(1981) recently provided ev1dence for a klnase activated



uncoating of VSV particles,

Since the VSV genome is of negative polarity the
subsequent step to uncoating is the primary transcription
of singli\EFrand arnti-sense RNA to yield five tranélatable
messenger RNA specles. The final product of this process
is five monosistronic mRNAs-ggch with a 5° methylated cap
and a 3" poly A tail (Banerjee, 1980; Ehrenfeld and .
Sunmers, 1972). As well a 47 nucleotide leader RNA is
synthesized from the 3 extreme end of the genome (Colonno
~and Banérjee, 1978).

The polymerase responsiblé for ﬁfimary transcription
of the ribonucleoprotein template is composed of proteins L.
NS and possibly .unidentified host cell factors (Emerson
and Yu, 1975; Naito and Ishihama, 1976; Prlngle, 1978),

Naito et al., (1976) have evidence which suggests that the
species ogthlgpnzyme with maximum in vitro transeriptional
activity contains equimolar amounts of L-4nd NS ﬁroteins.
Mellon and Emerson (1978) using in vitro reconstitution
studies have demonstraéed that the polymerase binds via

its NS component to the viralltemplate Keene et al., (1981)
using methylation protectlon studies identified SPElelc
rmucleotide sequeqces in the 1eader -gene where NS apparently
binds, possibly 1n1t1at1ng transcrlptlon&

The exact mechanism of -primary transcription is

still unclear. Ba® and White (1976) demonstrated by

UV irradiation of the VSV genome that transcription of



mature mRNAS occur in +he obligate order N-NS-M-G-L. This
reflects the physical arrangement of the cistrons on the
genome and implies there is either one initiation site

for transcription or one binding site for polymeraee atv

the 3’ end of the genome., This work has been'supported

by kinetic studies of mRNA synthesis (Iverson and Rose,
1981), One ﬁodel to rationalize the existence of a2 single
initiation site and five distinct mRNA products is a
processing scheme where transcription begins at the 3' end
of the genome and can potentially progress to the 5' end .
without interruption (Banerjee et al., 1977; Ball .and Wertz,
1981), Each individual RNA brodubt (leader or mRNA) is then
derived from th polyc1stron1c transcript by cleavage and
proce551ng (i. e. 5° methylated cap and 3° poljadenylated
tall) Theoretically the precursor molecule can be nrocessed
before it is genome length and the observed in vivo
gradient of mature products (Schincariol and Howatson, 1972)
represents initiation at the 3' end and falling off of the
polymerase holoenzyme at various positions along the
template. If this were the actual mechanism one might
.predict that it would be possible.to isolate precursor
polycistronic mRNA species, In fact Herman et al.,, (1978)
have identified polycistronic mRNA species which are linked
- by tracts of poly A suggesting that VSV polymerase can
readthrough intercistronic boundaries and may be involved

in ‘polyadenylation. Furthermore, transcripts contalnlng

-~



leader RNA joined to™ mRNA have been isolated (Herman
 and Lazzarini, 1981)., A true precursor. oroduct

relationship between these polycistronic transcripts

~—"and mRNA molecules has not yet been established,

An alternative explanation for Ball's UV experimental
observations is that polymerase must enter 2t +he 3' end of
the genome but is subsequently capable of initiating at the
beginning of each gene (Banerjee et al., 1977; Rall and
Weftz. 1981). One would predict that if this were the case
it should be possible %o identify mRNA molecules that contain
5! trlphosphates instead of 5' methylated caps. Rose (1975)
has shown that approx1mately 10-15% of in vivo synthes;zed
mRNA species do contain 5' triphosphates as opposed to
methylated caps, In vitro transcription products which
contain di or tri phosphorylated 5' termini have been:
identified by Testa et gi:; (1980), as being complementary
to the 3' ends of the N and NS genes, These short RNA '’
species have very'small UV target sizes and ere synthesized
prlor to the sequential appearance of mature mRNA products )
1nd1cat1ng that they are 1nternal 1n1t1at1ng events, However
Lazzarlnl_gz_gg., (1982) have shown that these short RNA
products accumulate’ for ‘5 hours in in xiggg'reactions and
90% of them are released from the transcripfional complex
inte a stable non productive pool. Their work suggests
that the majority of these independent internal initiation

events lead primarily to abortive transcription. Similafly
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Chanda and Baner jee (1931) have been unable %o chase
these potential precursors into mature mRNA products,
Taken together, the above evidence appears
insufficient to support or refute either a sequential
readthrough or internal initiation model for VSV
transcription.
Once VSV has successfully produced primary
transcripts, translation of the viral mRNAs occurs on
host polysomes, The viral protein products then effect
replication and seconddry transcription of the wviral genome,
Perlman and Huang, (1973) have shown that the same.
viral polymerase components are involved in replication
and transcfiption. The mechanism of polymerase switching
from transcriptase to repliease is currently under
investigation by several groups. Testa et al., (1980)
have shown that in vitro synthesis of prelnltlated RNA
species in the presence of a X'lmldo analog of ATP results
in synthetlc products, 50% of which are genome size
transcripts, This suggests that pfotein kinase activity
(which relies on Cleavage of the H phosphodiester bond)
is somehow involved in regulation of polymerase switching
between transcrlptlon and replication functions, As will
be discussed in detail later, several other groups are
now actively investigatlng the relationship between kinase
and polymerase activity in VSV (Clinton et al,, 1978;
Witt and Sumﬁefs. 1980;.Hsu,g§ al,, 1982), It seems unlikely



that phosphorylation of the polymerase a;:;;\:;\;:;}icient
for ;onversion from replicase to transcriptase sinece
several groups have demonstrated a strict requirement for
ongoing protein éynthesis during replication (Wertz and
Levine, 1973)., This finding may imply that either a
stoichiometric amount of one or more viral proteins

or an unstable catalytic protein is required for
maintenance of the replicative complex,

Blumberg. et al.,, (1981) favour the idea thét
stoichiometric amounts of N‘protein are necessary for
replication to occur. In their model, during primary
transeription the polymerase initiates at the 3' end of
the genome and begins to synthesizeileader sequences,

At a particﬁlar site the polymerase reads a strong stop
and a short leader tranécript is released,” The polymerase
Nnow resumes tranécription, possibly by one of the two
p:gviously described mechanisms, generating the five

ﬁBNA species, Once sufficient N message has been prqduced
and translated N protein begins to accumulate and binds
site specifically to nascent unreleased leader transcripts,
Co-operatiwve Binding\of more N protein facilitates
encapsidation of RNA and reﬁdthrough of the attenuation
signai resulting inlgenome length ribonucleoprotein
complexes, Blumbéfg et al., (1981) feel their model
explains some of the known properties of VS% replication,
Por instance, it explains why full lenéth transcripts are
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rapidly encapsidated while mRNAs lack significant N protein
binding. They argue that only transcripts contiguous with
leader RNA (which contains the presumed nucleation site)
can be encapsidated. Furthermore, their model explains the
strict requirement for continuous protein synthe31s during
replication,

One possible flaw in their model of regulation is
the finding that free intracellular leader RNAs are
encan51dated by N protein (Blumberg and Kolakofsky, 1681).
This suggests that either N binding alone is insufficient
to always override attenuation or alternatively that leader
RNP structures are formed after release‘from template,

At some point in infeection secondary transcription
off negative strands must be inhibited as th%; form of
ribonmucleoprotein is eventually péckaged into mature
virions, Perrault and Kingsbury, (1974) identified a
viral envelope associated protein (not G protein) which
at high concentrations could inhibit VSV transeription.
More recently, Martinette et al., (1979) demonstrated
that a VSV mutant (ts 023) with a defect in M protein
overproduces VSV mRNA at the non pPermissive temperature.
Carrol and Wagner, (1979) u51ng purified wild type M
protein were able to inhibit in vitro transcription.

The inhibitory affect of M is manifested only at high
protein concentrations (as one would find late in infection).

Newcomb and Brown (1981) were able to demonstrate by specific
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removal of M protein from purified virions that M is

involved in maintaining VSV nucleocapsids in the compact

form found in native virions., Taken together these
experimental observations suggegt that M protein is
instrumental in some of the final steps of VSV propagation. |
That is, high concentrations of M late in infection may
initiate condensation of nucleocapsids simultaneously
shuttiﬁg down tranScription and preparing viral genomes

for the process of budding (Simons and Garoff, 1980),

3. Cellular Physiological Phosvhorylation
Finn Wold, (1981) has cited examples‘Bf 125

different covalent post-translational modifiecations that

occur in vivo, Of the 125, only six have been demonstrated

to be reversible (Krebs and Beavo, 1979). Phosphorylation,

adenylation, acetylation, methylation, uridylylation and
S/SHE interconversions are all reversible and therefore
postulated to be involved in regulatory pathways, The
central role of phosphorylationidephosphorylation in a
broad spectrum of physiological events suggests

that it is indeed a fundamental method of contrel in
theféell.

For example, Plet et al., (1982) have shown that
one of the very early steps (within three hours of induction)
in the differentiation of,mopse terafbcarcinoma cells is
an alteration in the levels of:cAMP dependent kinase, |

This finding suggests that an early, important event in

T
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differentiation is a change in phosphorylation patterns

of the pluripotent cell,

In the developing cocyte of Xenopus 1aevius,‘site

specific phosphorylation of the 40S ribosomal protein, S-6,
appears to be related to specific translation. of a limited

class of mRNA species required for development. Translation
in rabbit reticulocytes can be inhibited by'glutathione,

an effect which is mediated by cAMP independent xinase

_Phosphorylation of the o subunit of eIF-2 (Ernst et al., 1978).

Bukaryotic transcription is also regulated, at
least in part, by phésphorylatipn:dephosphorylation
mechanisms, The DNA dependent RNA polymerase II of calf
thymus is phosphorylated and activated by both cAMP

dependent and independént'kinases {Krebs and ﬁeavo, 1979},

+ Lincoln et al., (1977), have also demonstrated that multiple

kinases are responsible for phosphorylation of calf thymus

RNA pol II suggesting that multisite Phosphorylation of

this enzyﬁe may be important *“in its regulation as has been

demonstrated for several other proteins (Cohen, 1976),
Ch;omosomal replication in dividing cells has

been correlated with phosphorylation of ésséntially all

histone Fl.mblepules.bound to chromatin structures

(Langan and Hohmann, 1974). In contrast glucagon

treatment of rat liver cells induces phosphorylatibn of

only about 1% of histone F, molecules (Langan, 1969).
The phosphorylation takes place at sites on histone Fy

o



other than those modified in dividing cells and reduces
the ability of F, to cause structural changes in double
stranded DNA (Langan, 1971), Together these findings
suggest that. dlfferentlal Uhosphorylatlon of one class
‘of histone molecules may be related to gross replication
of DNA or flnely tuned transeription of portions of DNA,

Phosphorylation may also play a‘'role in neuronal
activity. Greengard and Kebabian (1974), have implicated
phosphorylation of specific synaptic membrane pro?eins
~with regulation of post synaptic membrane permeability,

Finally, in a recent review, Krebs and Beavo,
(1979) have listed 22 ﬁetabolic enzymes which undergo
specific phosphorylationsdephos?horylation reactions,

| Taken,together, these examples serve to illustrate -

that phosphorylationidevhosphorylation is an ubiquitous
mode of regulation linked to medulation 5f gene expression,
translation, transcription, DNA replication, membrane
permeability and general cell métapolism. Since these
\are all phenomena with which an infecting‘ﬁirus must
contend in its attempt to commandeer or parasitize a cell,
one would expedt that viruses have evolved mechanisms that
allow them to integrate into pre-existing phosphorylation:
dephosphorylation regulatory pathways, In this respect,
.three possible strategies viruses could adopt are:
(1) viruses could encode their own kinases to phosphorylate

viral and/or host proteins,
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(2) viruses'eguld encode proteins which can act as

substrates for cellular kinases, ‘ '

(3) viruses could encode a regulatory protein(s) which

could alter tﬁe specificity of particular cellular kinases,
IP the following will be presented specific examples

which support the idea that several viruses practice

strategies (1) and (2). Although I find the third strategy

appealing, to ‘my kriowledge there have been no documented

examples‘of this phenomenon.,

L, Kinases Encoded by Viruses

Transcriptional control of E, coli DNA dependent
RNA polymerase has shown to be affected by a T? phage
proteln kinase (lellg et al., 1975). Apparently early
in infection (3 minutes post infection)} the;ghage
specified kinase rhosphorylates two subunits of the
host coded polymerase resulting in shut down of both host
RNA synthesis and early T7 transcription,

Silberstein and August, (1976), have clearly éhown
that the éenome of frog virus 3 cedeeifor a protein kinase
activity. This kinase is found both in viral capsids and
the infected cell, Gravell and Cromeans, (1972) demonstrated
that the FV-3 kinase is necessary for viral infeetivity
. by co- 1nfect1ng mutant FV-3 partlcles which lack klnase
-act1v1ty and UV inactivated wild type FV-3 partlcles
In this complementation experiment the virion bound

kinase of UV inactivated wild type particles was able to
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restorg infectivity to the mutant strain by
transphosphorylation within the infected cell,

Rous saréoma virus specifies a tyrosine specific
protein kinase activity in its src gene (Collett and
Erikson, 1978). ILevinson et al., (1978) demonstrated
that the kinase, pp605r¢ can be found associated with a
cellular;phosphoprotein’and Willingham et al., (1979)
have shown that some of the ﬁpéosrc is tightly bound to
the internal surface of thehplasma membrane,. -The amount
of total cellular phosphotyrosine can be réised'from
0.03% to 0,3%, a tenfold increase following transformation
by RNA tumor viruses (Sefton et al., 1980), Récéntly it
has been demonstrated that a host cell protein, vinculin,
is an,ig-gizg substrate for the viral kinase (Sefton -
et éi:, 1981).. Finally viral mutants, ts in the srec gene,
have been identified as temperatﬁre sensitive for both
transformation and kinase activity. - B

Polyoma virus relies on its hr-t gene ﬁroducts for
induction of ﬁalignant transformations (Schéffhausen and
Benjamin,‘1981)j There is now growing evidence to suggest
that one of these products, mid T, like pp60°*C is ‘a virally

coded kinase, Immunoprecipitates cdontaining multiple forms

"of mid T (i.e. 56K and 58K) show in vitro phosphorylation

of mid T tyrosine residues (Smith et al., 1979), With
appropriate antisera (i.e, rat but not hamster) one sees

phosphorylation of Ig heavy chain in mid T immunopre;ipitates
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(Smith et al., 1979). As with pp605TC, mid T associated
kinase activity is bound to 1nternal plasma membrane
surfaces (Ito et al., 1977). Finally, a single insertion
mutant in the hr-t gene (NG—59) results in concurrent
loss of kinase activity and transforming ablllty
(Schaffhausen and Benjamin, 1979; Staneloni et al., 1977),
The fact that a single amino acid insertion abrogates
kinase activity suggests, but does not preve, Fhetimid T
is‘not merely a substrate for gz coprecipiteting tyrosine
sKinase but is itself a phosphorylating enzyﬁe.
As pointed out by Schaffhazusen gg g;.,7(1981)
two quite diverse virus systems (R.S.V. and Polyoma)
appear to induce malignant transformation by a single
?3gene and in both cases the gene product may be a protein
klnase. It may be argued that since v1ab%§ virus mutants
_defectlve in both sre and hr-t functions can be isolated
these virally coded klneees may not be required for .
virus replication per se, However, the role of
transformation in the eticlogy of viral Propagation in
The whole animal is unclear and it may be thaeﬂviruses
coding for kinases of'this type have a selective advéntage

in some natural situations.

5. Host Cell Kinases Tnvolved in Viral Reproduction _
.Grubman et al., (1981) have recently demonstrated

that purified foot and mouth disease virus contains klnase
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activity., The enzyme has beqp_shpwn to phosphbrjlate
viral structqral proteins VP, and VP3 probably at serine
residues., Since the level of kinase activity is dependent
upon the host cell in which the virus is propagated, these
authors believe it is probably a host coded enzyme,
F A sim%lar type of evidence first led Imblum and
Wagner (1974) to posfulate that fhe'ﬁirion bound kinase
of VSV was not virél j coded, lTheir work revealed that
actinomycin D treatgent of cells pfior to infection
(act D inhibits DNA| dependent RNA synthesis but not viral
transcription) resulted in lower.levels.pf kinase in
progeny particies; The kinaée packaged into virions was
able %o phosgphorylate VSV proteins and Watanabe et al.,
(1974) demonstrated that primary transéription of‘}irai
genomes_ﬂas_dependent ﬁpon éontinuing kinase actifity.
Witt and Summers, {1980) observéd a similar kinase
actiﬁhty requirement for primary transcription in vitro
using'disrupted VSV virions., Witt et gl., (1981), a%so
suggest that phosphqrylation, in particular of M pfotein
by the wvirion bound kinase may facilitate virus uncoating,

Clinton et al,, (1982), have provided the most
definitive evidence yet that viruses package cellular kinases.
Using purified VSV virions they were able to demonstrate
the presence of BHK endogenous sarc¢ protein in viral
enveldpe and RNP fractions. In vitro kinase reactdions

with disrupted virions resulted in phosphorylation of

~ t)
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M protein at tyrosine residues, (sarc is’a tyrosine specific
¢ﬁ" kinase). Since earlier work (Clinton and Huang, 1981) had
demonstra£>d that M can be Dhosphorylated in vivo at
~tyros:._ne -residues 1t-seems reasonable to suggest that
virion sarec 13 not merely a fortuitously trapped klnase
K/Y‘b}t may be involved in the v1ra1 replicative cycle,
 Lamb, (1975) identified a kinase activity in
Sendai virions which, as with FMDV, showed differential
activity depending onxqpe cell type 1n thch thi virus )
had been grown, The virion kinase phosphorylated ‘the same

spectrum of viral protelns 1n V1tro as had been observed

be phosphorylated in VlVD. Lambd made the unlque'

observatlon that. the predominant (if not only) amino acid

_ labelled w1th X{i P-ATP in vitro by the virion klnase was

threonine, In r

e ospect however. Lamb péerformed his

phosPhoamlno ac1 analy51s using a- system which would later
prove to be inadequate for separation of phosphothreonlne
from phosphotyr sine- (Cirﬁggﬁ and Huang, 1981). Furthermore,
- the Sendai kinase showed a szmllar'V1rlon location to that
* identified for VSV virion sarc by Clinton et al {1982),
‘;Taken together these results may uggest that the ‘
presumptive host kinase fpackaged Sitg4§endai v;rions (\
\ My in fact be the avian sarc equivaleﬁt | .
A recent_paper by Ca;ean-Feroldl et al,, (1981) | g’
'111ustrates the direction that investigations Snto virus:

host kinase research is beginning to take. Their approach
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has been to isolate viral phosphoproteins from infected .

cells and look for_tight.asSociations‘between these
polypeptides and cellular kinaéés. Working. with
adenovirus 72K single stranded DNA binding protein these
authors have identified two.distinct cellular kinases
ﬁhich co-purify with 72K on bNA cellulose and by
acrylamide a%frose gel filtration.‘ The normal
substrates for these kinases have yet to be,ldentlfﬂed

6. Phosphorvlatlon and the Viral Infectious Cycle

In the-folIOW1ng will be presgnted specific
examples of different wéys viruses use phosphorylation
to regulate protein activity during the infectious cycle,.

a) Regulation of Nucleic Acid-Protein Interactions

Sen et al,, (1977) have investigated the
relationship between the phoSpho:ylation.statué of
Rauséhgr murine leukemia viruses phosphoprotein piz2
and the ability of the polypeptide to bind to homologous
viral RNA, Five species bf'plz apparently differing
only with relsgpec he number of covalently bound
phosphate moiéties can be isclated féom purified RMuLV
virions, Inrig vitro reconstitﬁti;H‘EipErimentE"WI%h
ﬁomologous 70S viral RNA only one species of pl2 which
contained relatively few phosphate groups could bind

to genomic RNA, When RNP complexes were isolated from

.UV stabilized v1ra1 genomes again only the species which

bound in vitro to RNA was speclflcally bound in VlVO.

rf) . . T A
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The role of pl2 protein in the infectious cycle is still

not clear, however whgﬁ}is evident is that the association of

-+a viral RNA binding protein with homologous RNA is regulated

by a pvhosphorylation:dephosphorylation mechanism, One
question that comes to mind isﬁ why are there so‘e;;;‘EBrmsj
of pl2 when only one type is associated with homologous RNA?
The answer may be trivial, that is hyperphospherylated
nonfunctlonal specxes are Te;g;y/nackaged 1nto virions
by chance. Alternatively there may be other roles played“
by pl2 besides its functional association with RNA. |

| Waiter et al., (1981) showed that the SV-40 large T
antigen is phosphorylated in vivo both at threonine
and serine residues. Edwards et al., (1979) further
demonstrated that the covalently bound phesphate groups
cycle on and off of lafge T dﬁring the ihfecticus cycle
seggesting a regulatory role for ﬁhosphoryiation: ;
dephosphorylation, Since lar\\)T is a DNA binding pretein
it seemed. reasonable to Montenarh and Héhnlng, (1980) to
suggest that the DNA blndlng activity may be altered
depending upon the protein phosphorylation status. Their
iﬁﬂestigation did reveal a difEct felationehip between

the degree of SV-&O‘large T phosphorylation and its ability

to bind to DNA cellulose. Shaw et al., (1981) believe
that_if dm fact the large T DNA bihdi ivity is -

controlled by phosphorylation if must be ef cted.fh ough
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able to show that enzymatic removal of rhosphate from all
serine residues in the large T molecule did not alter its
ability to bind to the SV-40 origin of replication (the
natural substrate for large T). They were unable %o
dephosphorylate threonine residues however and therefore
their role in DNA binding is onelear. Sirice large T is a
multi-functional enzyme'(Tooze, 1680) it may be that (:7
rhosphorylation of different domains of the moleéhle" ’
- (multisite phosphorylation) may affect its activity in
several different functions. x,l
\,  Wileox st al., (1980) have shown that in HSV 1 and 2
infected cells V1rally coded polypeptldes are phosphorylated
in a cycllc‘fashlon. Further some polybentldes

(i,e, ICP-4) are rapidly labelled w1th 32 P-orthophosphate‘
while oéhers are phosphoryiated only after long periods

of labelling, The DNA binding properties of some of these
polypeptldes is altered by phosphorylation. For examole | "‘“w;
ICP~29 binds more eff1c1ently to DNA when phospho?§i§?§g‘

whlle ICP 6 binds DNA only in the dephosphorylated form.

) b) Phosphogx ation:dephosphorylation Regulatlng Virus
a --Enzxge Activity )

It has been known for some time that the stabilig&
and activity of RNA dependent DNA polymerase‘is affected
tw“ﬁsst—tfenslational phospherylation of the virally coded
enzyme (Lee et 2l.;71975)., " In more recent work Schiff
and.Grandgeoettﬁ(1980), believe that thextafget of this
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specific modification event is Pp32 one of t%élecmponents
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of thi reverse transcriptase“holoenzyme. It is believed
that ggzg_contains the é%ino acid sequences which code

: ] ;
for a superhblical DNA endonuclease activity,

c) Site-specific Phosvhorylation Leading to Processing

Yoshinaka and Luftig, (1982) have identified an '
immature virion associated kinase which specifically
phosphorylafes the Pr 6552 protein of MuLV., These authors
. and others (Naso et al., 1979) belleve that phosnhorylatlon
of Pr 65g S is responsible for triggering the pr009851ng
events leadlng to the generation of internal structural
proteins (p30, p13s, P12 and pl19) and suﬁsgquent virion

maturation.

7. Characteristics of VSV NS Protein
a) Functions of NS in the Infectious Cycle

Genetic studies w1th the New Jersey.serotype of VSV .
(Evans et gl., 1979; Szllagylet al., 1979) indicate that
the phosphoprotein NS is a multifunctional polypeptide. The
ts E1 NS mutant of_NeW Jersey is defective for in giggg.RNA'
‘synthesis at the non permissiﬁe temperaturg'(39°C)‘cbhfirming . F
earlier studies that NS is an integral component of the
transcriptional complex (Emerson and Yu, {§75). A second
NS mutant ts E3 is caﬁable of synthesizing mRNA in vitro
at 39°c however ig vivo studies havg\gﬁown that replication
of virion RNA is defective iﬂ these mutants implicating

NS in the RNA replicative process (Pringle §I.al., 1471),
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The third member of the complsmentation group, ts Eé,

i1s capable of synthesizing both mRNA and genome length

RNA species at 39°C; raising the possibility that NS is

involved in some other late iral maturation process, v

In this respect it is notabﬁz;that although the most

extensivel$ studied anction of NS is as a component

of the polymerase, appfgximately 75% of all NS produced

in the 1nfected cell is never aSSOCiated with cytoplasmic

templates or virions (Hsu et al., 1979; Kang and Prevec, 1971).
The exact role of NS in replication or transcription

is ﬁnclear. As méntioneqﬁsarlier NS may facilitate the

binding of the transcriptase to viral genomes through

sequence spec1f1c contacts in the leader gene (Mellon and

»

Emerson, ,1978; Kee e et al,, 1981) Thus NS may be involved
in the.i:}?Ia

tion step of RNA synthesis, Monospecific
antibody directed against NS immediately swipches off
RNA synthesis in vitro which suggests that NS is also
someﬁow involved in RNA chain elongation (Imblum and
- Wagner, 1975). Other events which are tightly linked to
the NS-L'polymersse include capping. methylation and
polyadepylation of mRNAs. .
‘Recently (Rubio et a1,, 1980) have suggested that
-the VsV polymerase (NS-L) is not merely a RNA synthe3121ng
complex but in fact is a ribonucleoproteln synthesizing

enzyme®, Their kinetic studies demonstrated that an

active pool of NS, L and N proteins present in infeeted o
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cells allowed RNP replication to proceed for 20 minutes

in the absence of protein synthesis. They argue that all
three proteins may be necessary for encapsidation of nascent
genome length RNA or fhat co-assembly of N with L and NS
may confer some secondary structure on the RNA, possibly
leading to packaging. In support of this latter hypothesis
Mellon and Emersén, (1978) hava quantitated the numbers of
NS and L molecules packaged into virus and have shown this”
‘to0 be wel r 100 of each polypeptide per virion. Since
@hef@"ﬁfé};:::ably very fewe-sites of initiation for

T ——

transeription, these excess enzyme cqmplexes if evenly
spaced‘along the genome could function as scaffeolding for
the coiled RNP._ Furthermore, Witt and Summers, (1980)
have demonstrated that phosphorylation of virion bound -
NS in vitro resulfed in release from RNP templates of
.NS, L and N profeins presumably leading to RNP

conformational alterations prerequisite for transcription, ’

b) Regulation of NS Activity by Phosphorylation:

dephogphorylation
‘8 Taken together the above findings suggest that NS

a multi-functional proteiﬁ involved in several facets

e viral replicative cycle. Since NS is also a

osphoprotein many research group;?have investigated the

relationship between this post-transiational modification and
.‘ Y

NS protein activity. As stated earlier Watanabe et al., (1974)

have demonstrated a strict kinase activity requirement for

>
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activation in vitro of VSV polymerase. wWitt and Summers,
(1980) have shown that continual kinase activity is
required for RNA chain elongation. In the latter study,
N5 was identified as{one of the targe%s of this kinasé
activity o - |
If hultisite ﬁﬁgséhorylation is in fact a regulatory

mechanism in the VSVksystem then it should be possible to

'\\}sotate species of NS which differ both in’ phosphorylation

f

status and functional activity. Kingsford and Emerson, (1980)

identified multiple phosphorylated forms of NS from infeéted

cells and virions., Soluble cytoplasmic NS was the least

phosphorylatedA Pecies and by itself was inactive in in vitro
transcription?gz;;yé. Virion NS could be.resolved info

at least fghr species by coﬁpling columg chromatography

with polyacrylémide gel elecfrophagesisl The most
phosphorylated NS forms (NS in)wﬁere very active in in vitro
transcriptional assays while the poorly phosphorylated
species (NS I) exhibited little activity. When ﬁS I or
cellular NS molecules were_added t? a transcriptional

gystem'cgntaining NS II the activity of the total system

was constitutively enhanced, These findings sugdest that

functignal activity of NS and its phoéphorylated state

h§<ie tightly coupled., Hsu et al., (1982) have recently

shown by enzymatic removal of phosphate residues that the
rate of in vitro transcriptional activity is decreased
when NS protein is specifically dephosphoqylated.‘ These

-
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authors also identified two domains in the NS protein
where'multisite phosphorylation can occur. Presumably
one domain regulates as yet upidentified functions of
NS while thé/bther seems to be related to high levels
of transcriptional activity,

In contrakt to the studies mentioned above, the
findings of Clinton et al.,. (1978) infer that the more
poorly phosphorylated NS species of infected cells and
éigions is invnlved'in.the transcriptional process. In
their hands the heavily phosphorylated species of NS were
not bound to RNP while NS-proteins with fewer phosphates
weré tightly associated with templates.' These
contradictory findings are difficult to compare however,
because Clinton et al., (1978) reported only quantitive
and not qualitative'phosphorylatioh differencesf\ That
is,. although NS may be phosphorylated at up to 21 different
sites (Hsu et al,, 1982) possidbly only a few of these

residues are functionally relevant.

c) Aberrant #Electrophoretic Mobility of. NS Protein

Tﬁe aberrant mobility of NS protein in‘SDS _
polyacrylamide gels hasrbéen documented in sevéral studies
(6bij§ski gﬁ al.,, 1974; Mudd and Summers, 1970; Stampfer
and Baltimore, 1973t Knipe et 2l1., 1975). One reproducible
observation is that while the'mRNA'for NS appears capable
of coding_fpr a protein with a moiecular weight of 25,110
Daltons_(Géllione gg.gi., 1981) the mature polypeptide
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migrates in conventional gel systems with the mobility
of a 39-54K Dalton protein (Knipe et 21., 1975;
Brown, 1081), |

Gallione et al., (1981) suggest that NS must either
run in SDS-PAGE gels as a dimer or the monomer has some
unusual SDS binding characteristins. In their analysis
of the nucleotide sequence of NS mRNA these authors predict
that the nascent protein should contain a~ia:ge tryptie
fragment (7.5K Daltons) which contains 18 negatively
charged and no positively charged residues., They argue
that this la:g%/negativéiy chérged domain may not bind
(SBS\efficiently-and therefore NS will migrate with an
aberrantly slow mobiliéy. _

Evans et al,, (1979) identified three NS mutants
of VSV which migrated in SDS gels wifh an aberrant
electrophoretic mnbility cénpared to wild type NS protein.
Each of tﬁese mutants upon reversion to wild t;;% growth
characteristics possessed NS polypeptides which comigagted.
with wild fype3NS. Since gross,differences in phosohorylation
were probably nét respnnsibie for the mobility differences
between mutant and wild type polypeptides these authors
suggest that secondary structure of NS may affect its
migration in SDS gels. Furthermore, %ﬁey propose that
Aintramolecular phosphodiester bridges are esgentéal for
maintaining NS conformation and that innreases in mutan#

polypeptide electrophoretic mobility represent point .

~ ‘ ¢
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- mutations which disrupt these intramolecular linkageS{

LA

Working with ts E1 mutants Maack et al., (195@)
conclude that alterations in NS mobility folloting
reversion represent synthesis of a significantiy larger
NS Droteln Thls‘conclu31on was based on their finding
an extra 3H-labelled tryptic peptide present in reventants
QEE_ibsent in mutants, )

Brown (1981) has shown that the mobility of
New Jersey Concan NS proteln relative to other viral
proteins can be manipulated simply by changlng the
rercentage of crossllnker (i. e.‘ﬁ;ﬁ- methylene
bisacrylamide)-in the resolv1ng gel. The reason for
this unlque NS electrophoretlc behaviour is unclear.

8, Area of Investigation

The work renorted in this thesls is presented in

three sections, The flrst sectlon deals w1th the identification
and partial characterization of multlple NS species found |
in cells 1nfected w1th the Plry serotype oifve51cular ’
stomatitis virus.’ Observatlons by Takayesu and Prevec
(unpublished results) suggested that at least two forms

of Piry NS can be resolved in SDS polyacrylamlde gels,

by analogy wlthffhe work by Kingsford et al., (1980)

with the Indiana serotype it was hoped that characterization
of different NS forms would shed light on functien and
regulation of NS in,the infected celil, '

The second section confains‘experiments designed

-
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. ‘
to_probe the primaé; structure of NS protein in the
infected cell, In particular, emphasis was placed on
mapping theggzées of phosphof&lation.within tﬁe
_NS polypeptide. | |

Presented inrthe final section are exﬁériménts'
directed toward identification of the kinase respdﬁsible
for NS phosphorylation in the infected cell, The approaéh .
to this problem involved the use‘?f monoépegific \\
antibodies aﬁd therefore their pfbductiqn and "specificity™

‘are also documented, . \ o e

| \\\



MATERIALS AND METHODS
MATERIALS

1. Biochemicals and Reagents - .

Protein A sepharose CL-43 was a product of Pharmacia,

Sweden gitrate synthase, oxaloace%ate and << -casein were
purc sed from Sigma Chemical Co., St. Louis, Missoﬁri.

.Cell culture media and solutions were products of Grand Island
Biochémical Co, Freund;s complete adjeuvant was from Difco
‘Chemicai. Rabbit reticulocyt franslation extract was from
New England Nuciear.> TPCK-trQbsiﬁ (247 U/mgm) and snake venom
phosphodiesterase were products of‘Worthington ﬁiochemibal
Corr. Snake venomphosphodlesterase was also obtained from
P-L Biochemical and Slgma Chemlcal Co. Theophylllne was

a gift from Dr. Haslam while Dr. P. Branton kindly pro#ided'
cordycepin, N.N,N',N'-tetrameth&lethylenediamine (TEMED),g
N,N'-meéhylenebisacrylamide and ammonium peroxydisulfaté

were purchased from Eastman Organic; acrylamide from.Biorad
Laboratories; amﬁholytes from LKB;. MN-400 thin layer .

cellulose plates from Brinkman Instruments Inc.; ultra pure

urea from Schwartz—Mann. 3-SS-metIru,onlne, 3H-acetate, 32P-J-NTP

and 32 P-orthophosphorlc acid from New England Nuclear
and Amersham, N-hydrqusuccinimide, N=chlorosuccinimide
and amino acids were pﬁrchased from Sigma Chemical Co.

Wheaf embryo tRNA was a gift of Dr. S. T. Bayley.

~
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NN’=-dieyclohexylcarbodiimide was obtained from Aldrich
Chemical Co, Amberlyte 1R 120 sulfonated polystyrene
beads were a product of BEDH Chemicals,  Phenol, pyridine
and HCl were all redistilled at 182°C, 115.5°C and 108°¢C
re spec'_tively. '

2, Solutions

2,1 Phosphate Buffer Saline (PgS)

_ NaCl . | /////> 8 am
KC1 | : R 2 gm

NaHPOu . ‘ 1,15.gm

made up to one litre wiFh double dlstllledit?ter PH 7.5.

2.2 Salt Tris Magnesium Buffer (STM)

\_nac1 T_FT‘ S 0.01M

MgCl, | . 0,001M
Tris Base - ‘ . 0,005M
B adjusted to pH 7.5 with concentfated HCl.
2.3 Sold%lons for. SDS-PAGE

2,3.1 Stock Acrylamide Solutlon

Acrylamide o 30 gm
N.N‘Methylenebisacrylamide : 0.4 gm or 0,8 gm
made up to 100 ml with double‘distilled water,

2, 3 2 Running Gel Buffer (pH 8,9) (8X)
~ Tris Base - 36.6 gm

IN HC1L | - . b8 ml

-

made up to 100 ml with double distilled water,
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2.3.3 Spacer Gel Buffer (vH 6,7) (8X)

Tris Base _ _ 5.98 gm
wHCL . L . Bs'm
made up to 100"ml with double distilled water. .
2,3.4 Tank Buffer — ; : -7
' Tris Base ' 6,32 gm .
Glycine | 399 emt |
- sps ‘ - 1.0 gm -
- made up to one litre w1th double distilled Méter pH 8,9,
. 2.3.5 Samgle Buffer . ’ éﬁ
SDS (20%) ' -, T 2;5 ml P
‘Mereaptoethanol ' i 0.5 ml
.Glycerol. S 1 ; . - 1.1 ml
- \\\,5 Ureg ':-- o o - 7.2 ¢gm
Spacer Gel Buffer {2.3.3) 1,0 ml
2%" omophehbl Blue S 0.1 ml

made up to 10 ml with double distilled water.

2,3,6 Gel Rixi Solution . ° ) . _
F’/f H,0 ‘i s " , : - . 100 ml- fﬁf’

Methanol _ 100 wi~
Glacia%/}setic Acid 1k m

o7 Resolv1ng Gel: Solutlon

Different amounts of solution 2,3.1 were added to .

: { ' . : A
roduce gels of different concentrations. .
Solution 2,3,1, |

for akiox.ac:ylamide solution - . 33.3m

‘; 3-. #\  L  ; o .
. jf S ;



for a 15% acrylamide solution
. Solution 2, 3 2
10% (w/v) sns
10% (w/v) ammonium persulfate

TEMED

© 2,3.8 Stacking Gel Solution

softion 2.3.1
Solutlon 2 3.3
*10% SDS

o 10%,ammoniﬁm~pefsulfa£é
,5; y o _ |

- water waskadded to gi at

2 4 Solut1on§d§8r-fgoe1ectrlc Focﬁssi

- 2,4,1 Acrylamide

Acrylamide

L

N,N Methylenébisacrylamide

ﬁ?pholines PH range 5¥?
Ampholines pH range 3-10
Urea | “ .
NP-40 .

10% (w/v) ammdnium'persulfate

< ﬂgt added 33’§§Le a total of 20 mi,
~ 2 4,2 Lysis Buffer E '
: Urea '

2\

1

50,0 mi

‘12,5 ml

1m
0.3 ml
0.05" m -

.. water was addéd toig%ve a total volume of 100 ml.

1.25 fa-

1,25 ml
o)1 ml

0.1 mi

0,02 ml

L2

vqlume of 10 ml,

1 Solution for Iscelectrie Focussing

3 gm
0,162 gm
0.8 ml
0,2 ml
11 gm |

0.4 ml
0.2 ml

0,05 ml

11.4 gm



NP-40 .0.4 ml

Ampholines pH range 5-7 | - . 0.8 ml
! _ L Ampholines. pH range 3-10 , 0.2 ml
= Mercaptoethanol | 1{6 ml
made up to 20 m13Wifh double distilled water.
2.%4,3 Sample Overlay SQ;ut;oh- a ‘
Urea . ' ' | : 10.8 gm
Anpholines pH range 5-7 o m
Amphotines pH range 3 10 - ~0.1.ml .
_ made up to 20 ml W1th double distilled watgf)/
2,5 Cell Free Translatlon Solutions (Ghosh et al., 19??) ‘ ¥
2,5.1 Washlng Buffer pH 7,6
 NaCl . 8.52 gm
Tris Hcfgi\d ' b,24 em
made up to one litre with double distilléd Qater‘
autoclaved and then stored at 5°C.
2.5.2 Extraction Buffer l, “
" Hepes K ’ | ) b.76 gm
KCL ‘ 8.94 gm
Mg Aéetate ) ' 1.07 gm’
made up to one <litre W1th double dlstllled water,
\adJusted to PH 7.6 with KOH and then autoclaved
) *%" After cooling, the solution was made 0,06 M in
, mefcaptoethanbl and then étored at 5°c.
. s 2,5. 3 A-Component of Premix.
o _w//’ 1 M Hepes (pH 7. 0) o ’ .- 0.4 ml



-~

2.5

2.5

2.5

2,6
2.6

*
2MKeL - / 0.6 m1
.4 B-Component of Premix — *
0.1 M ATP ) 0.2 ml
25 mM GTP v ' _ - 0,05 ml
200 mgm/ml creatine phosphater 0.1 ml
60 mM spermine (pH 7) . o 0,013 ml
Mheat germ tRNA (100 od/ml) - o.02 nl
Hp0 o | ’ 0,02 ml
+5 Premix N ’ )
Solution 2,5.3 \\’\) T 50l
Solution 2, 5,4 | o hoal
1MmorT " . sal
Creatine kinase E | 1l
ddH,,0 ' " bl
.6 Cell Free iranslation Mix
Sﬂnﬁn{?.&S N g 541
20.M of 19'apino acids wi?hout methionine 5,1
(355) Met 1.Ci/.d | 10l
I _ecak-éd%L'cell cytoplasm S 15,
20 1 \ésium acetate Y 3 wj,gl |
ddH,0 : 10 4l
Sélutiohsifor Tryptic Mapping |
.1 50 mM Ammonium Bicarbonate (pH-8,5)
30% ammonia ' ' ' 6.58 ml

<

add water to one litre and bubble Coz‘through the

solution until the pH reaches 8,5,

¥

AN
S
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2.6.2 Performic Acid

- Formic Acid - .
30% hydrogen peroxide .

~ R ' ' '
incubate at room temperature for 1 hour,

2.6.3 ridine Acetate Buffer (pH 3.5)
7 -
Pyridine

.- Glacial acetic acid

ddH20

1

2,64 Tryptic Peptide Chromaﬁography;ﬁpffer

n-Butahol N

Pyridine
-Acetic acid

ddH20

. 2.7 Formate-Acetate Bﬁffer (pH 1.9) .

Formic'acid
Acetic acid
ddH20 |
2.&‘Radioimmunoprecigitation (RIPA) Buffer
Triton X-100

3 M NaCl

1% SDS (w/v)

10% DOC

ke

1 M tris HC1 (pH 8,0)
add water to 100 ml.

1.9 mi
0,1 ml

1 ml
10 ml
100 ml

204 ml
Ve

143 ml
50 ml
143 ml

2.5 mi
7.5 ml

éo ml

_ 1 ml

10 ml
1ml
10 ml1.

10 ml

s
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2.9 Scintillation Fluids

2.9.,1 Triton-Xvlene RBased Fluors

Xyiene
PPO

" POPOP &

Triton X114

2,9.2 Toluene Baged Fluors

PPO

. POPOP

Toluene .

2,10 Protein Elution Buffer

2-mercaptoethanol
10% SDS

1 M tris-HCl (pH 8.9)"
add water up to 100 ml,

2,11 Urea Elution Buffer

Z2-mercaptoethanol
Urea 7

Glyéerol

10% SDS _

1 M tris HC1 (pH 8,9)

2,12 Phosghodlpeptlde Chromag%ggaghx'suffer

Isopropyl alcohol

Formic acid

0,01 M Na}?o#

/ .

0.1 ml
0,1 ml
5 ml

1 ml
24 gm .
10 ml
1 ml

1 ml

40 ml
2 ml
10 ml
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2.13 Protein Kinase Buffer

0.1 M tris HC1 (pH 8,0) 1ml
0.1 M MgCl, 1ml
add water up to 10 ml.

2,14 High Salt Solubilizer (Emerson and Yu, 1975)

Triton X-100 ' 1,87 m1
1,44 M NaCl A 50 ml ~a
1 M DT . .06 ml

< )

add water up to 100 ml.

2.15 Synthesis of N-formyl-(>°S) Methionyl-tRNA_(Brown, 1981)

-

2.15.1 Amino Acvlation Buffer

"
0,1 M XC1L R ‘ 1.5 ml
‘0.2 M tris HC1 (pH 7.6) '2-5 mi
1M magnesium acetate L * 0.1 ml
0.1 M ATP : a o5 m
0.05 M CTP - o0aim -
make up to 10 ml with water, |
2.15,2 Amino Acylation Reac%ion Mix - |
Solution 1.15,1 . 120l
Wheat embryo tRNA 10 mgm/ 1 - r. 60l
(353) Met 1200-1300 Ci/mmole 600 _aCi

E.coli amino acyl synthetase 100 /ml . 12 .1

- add water to give a 600 1 total volume.

+2,15,3 Triethylamine Acetate Buffer (pH 8,0)

1 M Mgcl, ' __ , 2.0ml

Triethylamine - : .. 2,8 ml

a
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- ddeo - 150 ml
adaust PH by adding acetic acid and then add
water to 200 m1,

' c
2,15, 4 Preparatlon of N-deroxg ccinimide Formyl Ester

(a) formic acid 99% (w/w) | | 35/*1
~dry dioxane . | 0.5 ml
(b) N-hydroxysuccinimide ] 115 mgm
dry dioxane . ' ( 1m
(e) N-N'-dicycloﬁéxyt;?roodiim;de 206 mgm

dry dio?ane _ 3.5 ml

add (a) and&b) to a conical tube then add (c) with
stirring, 2l with a stopper and 1ncubate for 3 hours
at room temperature, Centrifuge 2K rpm.for 19 minutes
to remove dlcyclohexylurea crystals,
3. Source of Cells _

The mouse L cells used throughout fhese studies

were a subline, L 60, of Earle's mouse I cells. Human

) KB cells were'obfained from,the ¥ab of Dr., S, Mak while

BHK=-21 cells. were provide by Dr\\gxxcraham.

4, Source of Viruses

The Indiana standard strain was obtalned from

Dr.g@- Nakai while the Plry and Cocal serotypes were

‘.prov1ded by Dr. J, Obijeski, Atlanta, Georgia, “—r

C
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METHODS

‘1, Growth, Labelling and Fractionation of Cells and Viruses

1.1 L _Cell Growth »

_ Mouse L Cells were grown in suspension culiure in
Joklik's modified minimum esgential medium (MEM) supplemeﬁted
with 5% new born calf serum (NBCS).. Cells were kept in
' suspension by a rotating teflon bar driven by an external
magnet, The cultﬁres were kept‘in the expenential phase
of growth by daily dilufions maintained in a.37°C warm room.
1.2 Infection and Labelling of Suspension Cultures

Some 1.5 x 108 growing L cells wefe pelleted from
suspension culture by centrlfugatlon at 800 rpm for 10
minutes and then resuspended in 4 ml of virus diluted to
yield an moi of 30 PFU/cell., The infected culture was
incubatee at 37°C for % hour to allow virus adsorption,
The preparation was tﬁeﬁ di¥uted with 17 ml of MEM
' (supplemented with 5% NBCS) and-maintained in suspension
culture at 37°C for 3% hours., By this time cellular
protein syhthesis has been almost coﬁpletely inhibited
by the wviral iﬁfectien. At 3.5 houre cells were_again
pelleted by centrifugatien (10 minutes at 800 fpm) end'
then syspehded in growth medium containing 1/20 the-aormel
amino acid compiemeht and 2% NBCS.BSSfmethionine; at a

final concentration of 10_..Ci/ml, was added to the cultures ’
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for 0.5 to 1,0 hours, four hours post infection., In all
but pulge chase experiments the cells were harvested
after the 1abeliing périod.
1.3 Isotopic Labelling of Virus
L cells grown in suspension were infected at an
moi of 20 PFU/cell, Ome hour ﬁost infection the cells
were concentrated‘by centrifugation at 500 rpm for X,

10 minutes and then resuspended at 10% cells/ml in MEM

N
lacking either methionine or phosphate but supplemented

with 2% NBCS. Either 353 -methionine at 1 aaCi/ml or
32p_orthophosphoric acid at 20.Ci/ml was added at this
point and then incubated an additional 18 hours. Virus

was then purified as described in.section 1,6,

1.4 32P-label;ingiof Infected Cells

6 L cells infected with virus

Monolayers of 5 X 10
at an moi of 50 PFU per cell were incubated, thourS'post
infection, in MEM lacking phosphate (-Pou MEM) for % hour.

The medium was tﬁén ﬁgmoved from thé cells and the monolayers

~washed once with -PO, MEM and then incubated in -PO, MEM

Plus ?ZP-orthothSPhate at a2 final concentration of
200_«Ci/ml. The cells were harvested 90 minutes later.
. < :

1.53Pulse-chase Experiments

Virus was adsorbed to monolayers of 5 X 10 L cells
for % hour at an moi of 30 PFU/cell (37°C), After‘infeétion

cells were incubated 3 hours in MEM (sSuppleménted with 5%

’ .
N 4

~ ]
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.NBCS) and thén an additional % hour in MEM growth medium
containing 1/20 the normal aﬁino acid complement and

2% NBCS. “°S-methionine was added to the culture for a
vulse period of 5 to 15 minutes at a final boncentration

of 250, 4Ci/ml in 1/20 amino acid medium plus 2% NECS.

Aftgr the pulse the radioactivewmedium was removed and
monolayers were either rapidly'frozeﬁ in a methanol/dry

ice mixture or washed twice with PBS, once with MEM and then
chased with MEM plus 5% NBCS for varying lengths of time.

In some expe;iments ddﬁing the chase period cjcloheiimide

was added to a final concentration of 50 egm/ml.

1,6 Virus Purification

| Cultures .of L cells were infgcted with virus at an
moi of 0.1 PFU/cgll. Twenty~four hours pdst infection the
infected-zzil culture medium was élarified‘by centrifugation
at 8K rpm for 20 minutes in a Sorvall GSA rotor. Virus
péllets.were obtained by centrifugation of the medium at

18K rpm for 180 minutes in a Béckman T 19 rotor., PBS was
used to resuspend fhe viral pellet which;waé then layered

on top of-a linear 5-40% sucrose gradient, /Cenprifugation
at 24K rpm for 35 minutes 'in a SW27 rotor generatéd an
opalescent band approximately half_way dowﬁfzhé gradient,
The virus in this region was remévéd by side puncture with

a needle ;nd syringe and then concentrated by centrlfugatlon .

_at 39K rpm for 90 minutes through a 20% glycerol pad,
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Following resuspensivh of the pellet with PBS the entire

purification cycle was repeated,

1.7 Hish Salt Solubiliser Fractionation of Virus
354

-methionine labelled virus, twice banded on

linear 5-40a sucrose gradlents (24K rpm for 25 mlnutes-

SW-50.1 rotor), was pelleted through a 40% glycerol pad

(40K rpm for 120 minutes; SW~50.1 rotor). The pellet was
resuspended in high salt solubiliser (solution 2.1%4) and T
centrifﬁged at 40X for 120 minutes. The material whiéh
remained on top of the pad was designated the HSS

supernatant and material which pelleted through the

glycerol as the HSS RNP fraction, |

1.8 Preparation of RNP_from Piry Infectedggglggé

L-¢eIls infected at an moi of 25 PFU/cell with Piry \

virus were labelled four hours vrost infection with

35¢

s

-methionine and then disrupted in STM (solution 2.2)
by'homogenization with a Dounce type homogenizer. Nuclei
and whole cells were removed from the homogenate by . l
centrifugation at 800 rpm for fivehminutes. The
supernatant was then treated with 1% DOC:‘i% NP;ho and -

20 M EDTA and then spun for 90 minutes at 38K rpm iﬂ 74/J”FH\\\\\?
SW=50L rotor. The pellet containing RNP arnd supernatant

containing soluble proteins were 1yophlllzed and then

prepared for electrophore51s.

—
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—f:9 Fractiopation of Infected Cells

Infected cells labelled with 3-SS--rnethion:'me were
pelleted in conical glass'tubes at 1000 rpm for 15 minutes
in a Damon préparative centrifuge. The supernatant ;as
retained for total counts and analysis on SDS polyacry e
gels while the cellular pellet was resuspended with 2 ml{
of STM buffer and the cells disrupted by subjectinz them

- %o 25 strokes\of a Dounce homogenizer (the efficiency
of homogenization was monitored by examining the cells )
using ;kphase contrast mlcroscope) Intact nuclei and | ﬁigvny(
Vthe small number of remalnlng whole cells were pelleted

in conical glass tubes by centrlfugatlon’faf 5 mlnutes kf:ﬁ\\
at 800 rpm, The nuclear pellet was;tested for total TCA

: ' A prec1p1tab1e counts and the supernatant retained for
__\\_,/////\ further fractionation, - * -

The supernatant, fra%ion was layered over a linear
7-U47% suecrose gradient in SIM buffer and spun at 13,000 rpm

r— <Skfor 16 hours u31ng an SW27(1 rotor and Beckman
ultracentrifuge, Greg} s were collected in 50 drop o -
fractions and approprlate aliquots TCA preclpltated for

sclntlllatlon countting or ana1y31s by SDS-PAGE.
2, Geb Electrophore31s

. 2.1 Sample Preparation for Electrophoresis h .
. . " Fifty microlitres of sample wz;:added to 50,1 of

sample buffer and the solution disrupted for 60 seconds

, .. ’\ﬁ
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with a Bronwill Scientific tBioéonik III) Sonicator.

The resuitant homogenate wag then heated at 10030 for

onfe minute then drawn up and down a fine syringe tqhshear
the viscous DNA. Samples were then stored at -60°C}int11 -
time of use, |

2.2 Dlscontlnuoui 3DS Polvacrxlamlde Gel Electrophore51s

(LaemmllL 1970)

H

Slab gels (2 mm thlck) were preformed between
(19 X 16 cm) glass plates using 30 ml of acrylamide gel
solution (2.3.7). In some cases doublé‘gels were preformed
using thfbg glass plates, one notched plate sandwiched
between a notéhed and an unnotched pPlate. A spacer gel
'“‘-wés polymerized from spaﬁef ge%/splution&(2.3.8)'over the
| rumning gel just prior to use. G;hs werthélectrophoresed .
at 200 volts until the BPB marker reached the bottom of the
gel then pfocgssed_appropriately. That is, analytical
gels were fixed and when indicated impregnated with a
ﬁPO-POPOP_mixture aS'descgibed,in section 2,7, Gels were
sﬁbsequentl§ dried under vacuum in steam heat and then
r/,sgiqu$égﬂto éutoradiography. Prepar2£ive gels were:
generally exposed to X-ray film (Kodak XAR=-5 or XRP-1
whlle still wet and unflxﬁd
2.3 Sample Pre grdtion for IEF or NEPHGE

.Radiocactive protelnnextracts were prepared in ddH4§§\
and then lyophilized to dryness., Lysis bu ér (2.4.2) Waé

—
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used - to solﬁbilize the sample. If necessary the
_dlssolutlon of the sample was aided bytagltatlon, heating

. -

above 3? C was avolded

2.4 Isoelectrlc Focu381ng of Proteins (0" Farrell, 1925) -

Using 1soelectr1c focussing solution (2.4, 1)

polyacrylamlde plab gels were cast ‘between glass plates
w1th a sample well spacer 1n p031t10n.‘ Follo i -
polymerlzatlon the sample spacer was removed and wells Were
filled with lysis buffer (2.4,2), ‘After 2 hours of :
incubation fresh 1y51s buffer was added before generatlng
the pH gradlent by electrophore31s. _The er re roir )
Q%f ‘the gel appq;gtus was made 20 mM NaOH by dropw1se.
- réah tion of 100x stock to degassed double ay fii;ié:;ater’
-: The“anode tank was filled w1th 10 oM phosphor cid Ju§t
.prior to preequilibratibn using an electric fﬁild The -
sequence of dzi;?dbratlon was begun with 200V ¥or 15 minutes

B ‘followed by 300/ for 30 mlnutes and concluded by
electrophores1s at 40D for 30 mlnutes.“ The wellstrere .
““then. emptled. f;§:§led w1th solubllized samples andj?hen ‘. 
ple overlay. buffé?\\:.h.B), Electrophoresis

was conducted at 400V -for 10,000 volt Yours and then

" overlayed with s

terminated after a final hour at 800V, The gel was then

‘elther pProcessed,

pr autoradiography Qr analysis in a,seéond_




Non Equilihrium pH Gra&ientJElect;;phoresis (NEPHGE)
ngelectrlc slab gels were cast between glass

plates u51ng solutlon (Z\Eﬂ;b e lower, cathode chamber

. cV/ of the electrophore51s apparattE’EQSfilleﬁ with_ZO'mM NaCH

and 400 ml of ddHZO'wg;;added to the upper (anbde)'chamber.
Samples were dlssolved 1n solution and. applled to the top<(’
of the géi and then overlayed with solution (2, 4 3). Four
-ml of 2N phosphorlc acld was added to the upper tank and
then electrophore31s was carrled out’ for 4 hours at 500 vclts
The pH gradient in the gel was determined by soaking O, 5 cm
fractlons in 1,5 ml of. ddH20 overnlght and then measurlng
the pH of each fraction using Fisher Accumet pH. meter.
I Ind1v1dual channels were sllced from the 1soelectri§;"ﬂ
" slab and\run in the second dlmen51on on SDS-PAGE.
‘2 6 Fixlng and Stalnlgg of Gels -

' Ge re 1ncubated in gel flxatlon solutlon ':“v .
(2 3 g’?w1th shaklng for one hour and then stalned u81ng
fixative supplemented wlth O 1% coom3351e brllllant blue
for 2-3 hours. Destalnlng was accompllshed by - shaklng the
gel in several changes of gel flxatlon solutlon (2 3 6)

until the background of the gel was stain qree.'

S
3. Peptide Mapping of Viral Proteins o | . '{
3.1 Tgxgglc Peptide Mapping - . o B | BN
| Approprlate protein bands located by auto(\clography o

were exclsed and eluted from the gel in solutlon ( .10)

e

o



w1th BSA as carrler (flnal protein concéntratlon 100;Agm/ml)
concentrated by TCA prec1p1tatlon (20% TCA) at 12,00 g
for 20 mlnntes. TCA was removed from the-pellet by repeated
acetone washes and the resultant proteln as oxidized for

3 hours at 0°C in performlc acid (2,6,2), 'After three
cycles of water washing and lyophilization the protein was
digested by adding TPCK trypsin (1 segm/1 .ol in 0,05 M
"NH4HC03, PH 8,5) for 1 hour at 37?0. A second portion of
 trypsin was added at this time and the reaction continued‘
for three more hours at 3? C. The peptldes were lyophlllzed
and dlssolved in &deo tw1c? before 2D analysxs on cellulose

thin layers. Essentlally the tryptlo dige

"onto MN 300 thin layers by’repeated applica ion~o
'amounts of sample and blow drylng. The fi stﬁdimensioﬁal

'chromatogr p ‘til the buffer

lc analysis was carrled i
(solution 2.6, b) ha Aascended to the op of the thin layer.
The thln 1ayer sheet was removed and afir dried overnight
before the second ‘dimension, thln layer electrophore31s.

was performed, The entlre thln 1ayer wds wetted w1th pyrldlne
acetate buffer (solution 2.6, 3) and pl ted on the coollng
block of a Brlnkman thin layer apparatus .and connected :

to tanks by paper wicks, Electrophoresis was conducted

for 1, 5 hours at 400 volts. : ¢

3.2 OX1datlon of Protein | |

Samples were dissolved in 200,,1 of fresh performlc

ac1d (solutlon 2.6,2) and incubated at 0°C for 3 hours, The o




L3

oxidized proteins were diluted with ddeo and then

lyophilized to dryness,

3.3 Partial Cleavage at Tryptophan Residues with “~

N-chlorosuccinimide o o .

- Proteins were purified by SDS-PAGE and passively
eluted in buffer (2,10) for 12 hours at 3?°C‘with agitatipn.”
The' eluate was lyophilized 4€c dryness and then resuspended
in 1 ml of 0.5 M acetic acid and 0.25 ml fof-?5mM |
N-chlorosuccinimide in dimethyl formamide. . Partial cleavage
was effected by incubétiqi-témh shaking at room temperatureu
for 2 hours. BSA was added at.this time as a carrier and
the clea&age products?were preéipitated with ice cold
acetone ét -20°C overnight. Géhtrifugation at 10K rpm .
for 20 minutes resulted in formation of a precipitate \5;\\\
Which‘was subsgquently.dissdlyed in sample buffer ' f L
(solution 2.3;5) and anaiysed on a '15% acfylémide gel
':cbntaining 0;26%-crosslipkef; |

- ‘ \
L, In Vitro Protein Synthesis

4,1 Preparation of Infected Ceilcg%ﬁoplasmid Extracfs ¥ '~ ,

All glassware used in this. procedure s 6§yed

in sulphuric acid: nitric acid (3:1) washed in dH,0 and

~ then baked at 119°C‘overnight.‘ Rlastic hare.was.washed |

with 10% SDS and then rinsed with sterilized ddH,0. B
An S-b4 Polysomal extract was pp:ﬁéred as deséribed';f.

- by Toneguzzo and-Ghosh (1976). 1.5 litres of L cells in
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the expeniatiai'phase of growth were infected at a li;‘
multiplféity of infection of 25 ?PU/cell Four and one
half heurs post infection 0.5 11tres of frozen PBS was u:g-k
immersed in the cell suspen31on with the whole solutlon 1n ‘l.:'
an ice water bath /,The infected cells were then pelleted R
by S minutes of centrlfugation at 1000 rpm and subsequently
resuspended with washlng buffer (2,5, 1). ThlS procedure

- ﬁas repeated three times using a decrea31ng resuspen81on
volume for each cycle, The final pellet was then
resuspended with 2 volumes of extraction buffer and then
"subjected to twenty slow strokes with & Dounce homogenlzer
kept constantly at 1ce bath temperature. The extract was

now subaected to centrifugatloh at 4000 x g for 10 mlnutes

"and the resultant supernatant dialysed for  hours agalnst.
extractlon buffer (2.5. 2)'stored in an kte bath. Aliqiats

of the extract were then ‘rapidly frozen with iiquid_.

_‘“‘nltrogen and stored at -60° *
Jt\j,Cell Free Translatlon U51gg L Cell Extracts _
' Cell free translatlon with L cell ‘extracts was |
performed at- 32 C for varylng lengt tlme. Essentlally

the infected L cell extract wa$ mixed with other components
of the cell free system in the ratios presented under s wr
olutlon 2.5.6, The volume of water added to the system
: (’ - wa variable dependlng upon whether solutlons of oxaloacetate,

citrate synthase or cltrate were 1ncluded in the mix,

A
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let

4.3 Synthesis of N-formyl->SS-Met-tRNA,

Amino acylatlon of Wheat embryo initiatoer
‘t:RNA.lMet was accomplished by incubation of the mlxture
‘listed under solution (2.15;2) for 15 minutes at 37°%¢,
.Faur volumes of 2% potassium acetate (pH 5.4) were. adaed
‘to the mixture at this point followed by hot phenol
extractloﬁ// Essentially the solution was mlxed with equal
volume;lofuwater saturated phenol and chloroform containing
4% isoamyl alecohol. Follow1ng incubation for 2 mlnutes
aL 50 C with shaklng, the phases were separated by
centrifugation at 2.5k rpm for 10 minutes. The aquedus |
Phase was removed aad tha rhenol was reextracted with an
additional volume of 2% potassium Gcetate (pn‘s'u)
Follow1ng pooling of the agueous phase and extractlon
w1th ether the RNA waaxﬁﬁé01pltated by the addltlon of
2. 5 volumes of cold ethanol, overnlght 1ncubat10n at
-20° C and centrlfugatlon at 8K rpm- for 20 minutes,

The formylating reagent was prepared as descrlbed

Met

“under Solutions (2. 15.4)~ The 77S-Met-tRNA,"®" ethanol

.0, 1 M trlethylamlne
acetate (pH 8 0), 0.5 ml of the- formylatlng regéent and

a yredetermlned volume of 0.2 M KOH to'brlng the pH—\b\to
8.0. Following ten minutes of-lncubatlon at 0°c, 0.2 'ml
of.potaSsiuﬁ'aéétate (pH 5.4) was'added anduthe
formylated product precipitated with ethanol.

-
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5.4 Amino Terminal Labelling in vitro

To label at the amino termlnus w1th N-formyl-
35S--methlon::.ne a commerc1ally prepared reticulocyge
extract was used. The reaction mixture was prepared
withi 4o of reticulocyte lysate 8 41 of pota331um
acetate; 8;91 of cocktail mixture; bhlal of a mixture
of N-formy1-35s-methlon1ne, 103 fold excess/of cold
-methlonlne- 1nfected L cell extract The’'ratio of

components. and the latter extract was optlmf!ed for each

experiment, - . . - N ' !%

.

5. bhosphodiéeptide Ahalxsis ‘\\//;Mv//’"“"
-5, 1 Part1a1 Ac;d Hydrolysis of Phoé%hoprotelns
g Samples to be. hydroly.f””L

_.spended in 307
-%Efeous pyrldlne and transferred Rt o glass freeze drying
ampoules, The samples were reduced- to dryness by '
lyophlllzatlon resuspended 1n 2N HCl sealed under a reduced
nltrogen atmosphere and then heated at. 110°¢ for four hoursf
Followlng hydrolysis the sample was filtered through a

glass fibre filter and coneentrated byrlyophilization..

5.2 Preparation of Amberlite 1R 120 Resin

The - ogeds were washed with several volumes of 4N

ammonlum hydroxlde by filtration of- the resin in a filter
paper 11ned Buchner funnel. This was followed by 2 litres-
of ddeoLpagged through the filter and then washlng with

1 litre of 4N formic acid, Again 2 litres of ddH20 was
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used to wash the beads before final equilibration of the
resin with pH 1.9 buffer (solution 2,7).

- 5.3 Preparation of Dowex-1 Resin

-

The anion exchange resin was washed with 1 litre

-of 4N formic acid and then 2 litres of ddeozin_a filter
paper lined Buchner funnel, One litre of 4N ammonium

 hydroxide was passed througﬁ the resin followed by &4 litres
of ddeo' The resin equilibrated with ddH,0 was then loaded

'1nto a 10 ml syringe Whlch had been plugged with a glass

fibre filter.

5.4 Purification of Phosnhodlpeptldes from Partial Acid

Hydrolysates
Acld hydrolysates reduced to dryness by

lyophlllzatlon were resuspended in pH 1,9 buffer (2,7)
and then mixed. with preequlllbrated Amberllte 1R 120 beads T
in a 20 ml beaker, A teflon coated magnetlc stlrrlng bar
was added to the slurry to effect mixing for 1 hour at
room temperature, The contents of the beaker were poured
into a 10 ml syrlnge plugged w1th a glass flbre fllter.
The buffer was drained from the beads and then concentrated
by lyophilization, Materlal vound to the beads was eluted
with 1 N ammonium hydroxlde ' ;

_fl FOllOWlng lyophlllzatlon the pH 1,7 eluate was
;esuspended in ddH20 and bound to a preequlllbrated Dowex;1

column Increasing concentrations of formate. buffer were
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added to the column in twenty ml volumes to effect elution
of bound material, Eluates were concentrated EEFJ
lyophilization,

5.5 High Voltage Paper Electrovhoresis

‘Hydroljsates to be analysed were spotted in fhe
middle of a piece of Whatmaﬁ 3M paper. The/eIectropherogram 5?
' was wetted with pH 1,9 buffer (solution 2.7) and |
subsequently subjected to electrophoresis at 2000 volts
for 90 minutes, The electropherogram was dried with a
hair dryer and then.staineq with ninhydrin as described

in seetion 5.6,

5.6 Ninhydrin Staining of Paper and Thin Layer

\

Electropherograms

To stain paper electropherograms‘a solution of°
0,1% (w/v) ninhydrin in acetone was llberally applied :Ti
to the sheet and allowed to evaporate at room temperature |
Development of ninhydrin positive spots was carried out
in-a 110°C oven for 5-10 minutes, PhoSphoamlno acids

appee;edfas plnk spots while other amlno ac1ds and peptides
: were detected as. purple spots. o o : T

- PThin layer cellulose sheets were stalned w1th ) _ _
10 mgm of nlnhydrln dissolved in a solution made from . -
7.5 ml of absolute ethanol, 2,5 ml of glacial acetic acid
and 0, 05 ml pyrldine. Development of nlnhydrln positive

spots was carried out in a 110°C oven for 5 10 migutes

)
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\elzlElutidn of Radiocactive Peptides from Paper

Electropherograms

(32P)-labe}1ed peptides were detected by ’//~\§
autoradiography and the appropriate area cut from the
electropherogram. The radiocactive peptldes were then

- .eluted by 1ncubat1ng the sllce of paper in 1 ml of ddeo
with shak;ng for 12 hours at room temperature. The eluate
was filtered tbiPugh‘a,glaés fivre filter and concentrated

by lyophilization;

—- 5.8 Subtractive Edman Degradation

- Partial acid hydrolysates were diyided into two
equal halves and reduced to dryness by’lyophilization in
1.5 m} plastic Eppendorf centrlfuge tubes. Ninety |

(é;HRSII%;es of 60% aqueous. pyridine were added to each
o ube.‘ To

e tube was added an addltlonal 10Aul of

ine while the other recelved 10,al of

_ Nphenyllsothlo yanate (PITC). Both tubes were then £1ushed
with N, and 1ncubats? with rofatlon at 37° c for 2 hours.
Following the coupling reaction volatlle reagents were

| removed updér vacuum, Cleavage was effected by 1ncubatlpn

of both saﬁples‘in'anhydrous trifluoracetic acid (TFA) -
under a nitrogen atmosphére at 37°C for 30 minutes. TFA
was removed under vacuum and'the reméining féSidue was
dissolved in 200l of ddH,0, Three cycles of ethyl

acetaté'extragtion (200 1/cycle) were used to, remove

P
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PrC-derivatives, The organic phases were pooled and

dried under a nitrogen stream, The aqueous ‘phase which

conqglns the sbortened peptide was dqucentrated by
lyophilization,

6. -Immunoprecipitation and lmmunoprecipitation and Kinase Assays

6.1 Production of Monogvecific Antlsera

The sucrose gradlent purified virds from 1010
cells, was suspended in sample buffer (solution 2. 3 5}

and then run on preparatlve polyacrylamide gels to -

. resolve thEY§1VE viral proteins. The approprlate bands
:located by Coomassle brilliant blue stalnlng, were excised -
_ from the wet gels and macerated, The v1ra1_prote1ns,were*

.then eluted. passively in elution buffer (solution 2,10),
‘The eluate was filtered Through glass wool, dialysed against ///rji

double distilled water for twelve hours and then lyophilized -
to dryneés. After resuspension in ddeolone third of each

antigen sample was mixed with an equal volu@gigf complete’

Freund's adaeuwant %o form an emulsion and injected |
intramuscularly into a rabbit’s thlgh The remaining -
antigen sauples were 1nJected subcutaneously at two week
intefvuis. One week after the final 1n3ectlon, the rabbits

were bled and serum collected, All antlsera were heat

treated at 56°C for thirty minutes,

6.2 Immunopreclnltatlon of Viral Proteins

Infected L cells were - suspended in STM (solution 2,2)

-~

-



for ten minutes at 0°C and then homogenized in a Iounce
ball-type homogenizer. Nuclei and debris were pe eted
by sedimentation at 2K rpm for ten minutes and the
supernatant was mixed with an equal vulﬁée'of 2X RIPA
buffer (SJEEEEZQ 2,8), One ml of the extract was mix
with iO,..:.EL of antiserum, 40 .1 of protein A sephargeid,
CL 4B beads and then incubated with rotation for 16 h
at s°c, Aftér adsérption the béads were centrifuged at
1000-rpm‘}or one minute and the supernatant removed, The
beads were then washed at least eight times with cold RIPA

- buffer and then either analysed by SDS-PAGE of used in
protein kinase assays, ' In some9experimenté STM. or HSS
lysates were fractionated into supernatant and RNP fractions
by ultracentrifugation_through_an appropriately buffered
L0% glycerol pad'before-immunoprecipitation?
6.3 Protein Kinase Assays o

_ Immnnoprecipitates:bound to protein A sepharose
beads were washed threé.times withrcold protein kinase
buffer (solution 2.13), -Assays were initiated by the
addition to beads o_\f 50 «Ci of ‘32P-X-ATP in ‘30/.,_1 of
kinase buffer followed by incubation aﬁ 31°C for 30
minutes, The beads were then resuspended in ice cold RIPA
buffer and washed a further three times to remove excess
_ 32P53LATP. ?i;ally the immunoprecipitates were resuspended .
in 5041 of sample buffer and heated for one minute at 100°C -
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before analysis by SDS-PAGE and au‘co'radi‘ography.

6.4 Preparation of Denatured Radioactive Viral Protein

Antigens ,
355 -methionine labelled, infected L cell %xtracts

were analysed by pﬁs}parative SDS gel electrophoresis and

~ autoradiography of the Wet gel. Using the autoradiograph )

as a template, the desix-'ed‘ v:i.ral bands were excised and'
electroeluted (50 volts, for “y hours) into dialysis tubing
u_'l‘,:l.ng urea elutlon buffer (solutlon 2,11) and 100 _«gm of
BSA as carrier., The eluate was dialysed against RIPA buffer

for twelve hours and then tested with antisera as described,

-



,  RESULTS _ - -

1, -Identificatio'n cand Characterization of Multiple Forms

P

of Pirvy NS

1,1° Piry Infected Cells Con‘taln ‘I‘wo NS Species Labelled -

with 35S -methlomne
359

Ly

-methionine-]:a_]:elled extracts fron-m Piry
virus-infected cells contain two distinct protein bands

. migrating in the region of~NS profein on SDS-PAGE (figure 1),
In contrast under identical conditions cells infecte_d with

Indiana VSV con‘baln only one NS

region, Al‘though both forms of NS appeér' to .be'

' associated with ribonucleoprotei \ g,

INF CELL) only the slower migrs ing”form (NS_) was detected
in the preparation of pu\rlfled Piry v:LrJ.ons, (flgure 1)l
VIRION), ’

The s-t:ructural relatedness of the two Plry NS

- “::_:

\

polypeptldes was conflrmed by flngerprln‘tlng of the _

methlomne-labelled tryptlc peptides of each band after _ 2

‘separation, GXCJ.SJ.OD. and elution fromra Preparative SDS-gel,

Most of the features of the tryptlc flngerpnn't e common

to both proteins (f:.g‘ure 2). - . \
The poss:.ble precursor-produc't: relationship of the

wo proteins was demonstrateciy pﬁ e-chase expe};.\ge;;s. o

e S .58 .
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‘Cémparison of viral proteins in Piry and Indiana
VSV_infected cells and Piry virions

Piry virus and Indiana (IND)'virus

.infected cells (as 1nd1cated) were labelled Wlth

35S-methlonlne for 30 m1n some 4 hours post
infection. The infected (INF) cell protein was

" analysed on SDS-PAGE. 'The location of the two
. NS bands in th Plry extrac
- left hand panel

 15 indicated in the

sudrose gradlents after overnight growth with
35S-methlon:1.ne label were analysekﬁbn SDS=-PAGE
in the rlght hand panel, w1th a- control marker

. of rlbonucleoprotein extract from pulse labelled~
‘ Plry 1nfected ‘cells, :

=
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, Figure 2. Tryvtic fingerprint of méthignine labelled

proteins NS and NS,

35s-methlomne labelled NS; and NS_
- were purified by preparative SDS-PAGE from
 Pijry infected cell extracts labelled for
5 min and 30 min, respectively, some & hdurs
post. infection, The protein bands were excised
" from %he gel, oxidized, and trypsinized as
described in Materials and Methods. Two .
dfmensional analysis by electrophore51s and

omatography was, carrled out on cellulose’
thln 1ayer.
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Piry virus infected cells were culsed with 35S-methionine
_ followed by incubation in the presence of excess unlabelled —
methionine.‘rsamples removed at variptis times during the
chase perlod were analysed on SDS-PAGE Chasing after = .
e1ther 3’or 15 minutes of labelling resulted in pr3§§:ssive :
decrease in radicactivity in the faster band (NS.), A |
a ccrre5pond1ng increase in the rad10act1v1ty of the
”'NS ‘protein (flgure 3). A double band in the M protein
-region was observed in the fifteen mlnute pulse chase .’7 :
experlment (flgure 3) however 1t was not the subj%ct of :
further 1nvest1gatlon. ) |
‘The apparent conver31on of NS to NS is independent
of continued prg%eln synthesis 31nce the conwer31cn occurs ' B
at the same rate in thé presence of cyclohexlmldg as in
:tssabsence, (flgure 4)
.~ -From the: preceding results I conclude tSat the
prcteln NS is converted by pcst-translatlonal modlflcatlon

.to a protein of greater _gp arent molecular welght NS .

Y. . S

R

//\rfJ This precursor-prchEE,relatlonshlp seemj/tgﬂbe a ‘
. phenomeno restricted to the Piry serotype,. Pulse(éiase.

experiments performed wlth either Indlzga*ﬁpocal or Piry /
virus infected cells revealed_t
- Piry infected ge s‘shwat 1

at &ither time onlfﬁa

dcublelnﬁ form, (figure 5),

"‘érﬂ'mhis'fin g suggests eifher that Piry NS crotetn'is. ;
’ unique in it turation or that the gel system emplofed i
s ¢ N i ) ’ '._ - :
! . . o ’ Y ‘ Lo . L ¢ . . ' ) &
- ’ ! | .
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Figure 3. Pulse-chase of protein NS to NS )
3SS-methlomne 1abe1 was added to Plry.
virus infected L cells at & houFs post _
infection. After a labelling period of S or
15 min, the radioactive medium was removed and
some of the cultures were ' incubated in excess
unlabelled methionige, as described\§q
_ . , Materlals and Methods, Samples were!taken at
, <;/f' the 1nd1cated times. The-infected cells were L
Lo harvested and analysed on SDS-PAGE. The - ‘ =~

. " extra of léhg%léd unénfected cells is
presented in the,cé%tra; well (CNT),
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' Figure %, Conversion of NS. to NS in the presence

<:§nd absence of cvcloheximide
Piry virus infected cells at 4 hours
post infection were pulse labelled with |
BSS-methlonlne for 5 min and chased with excess
unlabelled methionine, . The chase medium for
_one experiment contalned SO”Lg of cyclohexiﬁide
. ‘per ml. Samples were taken at the 1nd1cated
times and analysed by SDS-PAGE The samnle
well labelled (P) contains an 1nfected cell -
extract kept in 3SS-nethlonJ.ne for the full
20 min period, ' \




. 5 55,500 520 5 B5 MO " 5020
CONTROL '+ CYCLOHEXIMIDE -



Flgure 5. Pulsé-chase analyses of PJ.ry. Indlana and Ccrcas ‘

:mfected cells

" Monolayers of L cells were 1nfected wrl:h
Piry, diana (IND) or Cocal (Coc) virus a'l: a @
multiplicity of infectiongof PFU/cell.
Monolayers were then labelled with 35S--mt=.~1;h3.on:.ne
(200 _uli/ml) for a ten minute pulse, washed with
PBS and then 1ncubated ‘with whole mlm.mum :
sential medium for a thlr'ty mJ.nu e chase.
S mple bilized with SDS sample bufi‘er were
: sed by SDS-PAGE and autorad:.ography {10) -

a 30 mi u'l:e chase N
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‘NS protein is phospho
NSi matured to.NSv b

x\l} g s
4 . /

is incapable of resolv1ng mululole forms.of Indiana and

Cocal NS ngpteln ' '
- " Since there aoﬁg::ed to be a dlscrlmlnatlon in the

packaging of NS into mature Plry v1rlons, (1 e. NS Dackaged,

NS excluded; flgure 1) 1 attempted to fractionate Plry

infected cells to determine if there was preferential «

sequestering of the two species w1thin the cell, Cells

~ labelled With'BSS—mEthl%ane elther for 5 min or for

5 min followed by a 20 mln ‘chase were dlsrupted by

_sfrokes wilth a Dounce type homogenizer and then

fractlonéted on a 5-40% sucrose gradlent as descrlbed

in Materlals and Methods, " 4 plot of the TCA prec1p1table

-

counts from the gradlent f(actions isKShown in figure 6,
" The two l%peaks and the‘ pellet were then separately
,prec:.pltated WQF’ 107¢TCA/and analysed by SDS gel '
lelectrophore31s. From - flgure 7 it 1s .clear that botﬁ '

species of NS are found. 1n all fractlons of the oytodlasm /J
1ncludfng the. presumptlve rlbonucleoproteln pellet, ThlS
suggestsg hat the conver81on of NS to NS does nost affect
the ablllty of Piry NS to aggdolate w1th v1ral or cellular
components. L e

1,2 Phosvhorvlatlon of Plry NS Proteins -

'Sokol and Clark (1973) had demonstrated earlier that

e'postﬁtranslational meche§%§m ‘f

\

\

.

7y
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Figure 6. Sucrose gradient analysis of Piry infected cells

on

Piry infected L cells were labelled with
3Ss-qae’chionine for .varying time periods four
hours post infection., Cells were ‘swollen in STM
and disrupted with 25 strokes of a Dounce type
homogenizer., Intact nuclei and any remdining
whold® cells ﬁere pelleted by centrifugation for

- five minutes at 800 rpm, ,The STM lysate was

centrifuged on a 5-40% sucrose gradient

(13,000 ¥pm, 15 hours, SW27.1 !’?or) and then
fractionated by collection: of 50 drop allquots.
Representatlve samples of each fractlon were TCA
precipitated on nitrocellulose filters and . B
quantitated by scintillation counting,
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Pigure 7. SDS-PAGE analysis of fractionated Piry infected
cells

- Appropriate fractions collected from the
sucrose gradient profile shown in the preceding
figure were pooled, TCA precipitated, acetone
washed and finally dissolved in SDS sample
buffer, Samples were then resolved' by SDS-PAGE
and autoradiography, (1-13), fractions 1-13
from figure 6; (14-24), fractions i4-24 from
figure 63 (PELLET), pellet from the sucrose
gradient described in figure 6; {5), five
minute pulse; (5+20) five minute pulse plus a

htwenty minute chase; (30), thirty minute 'pulse,
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(figure 4), phos?hory;éfion seened a reasonable explanatior,
To test thié ﬁdssibility, Piry infected L cells were

labelled with radiqacfive inorganictphosphate and analysed

on SDS-PAGE, Figure 8 shows the result of this experiment,

Clearly there is 32

P-label associated wi‘th'NSv however if
is‘diff ult to determine if NSi is phosphorylated since
the much mdxe heavily labelled NS, overshadows this region,
In my hands, short pulses (5-30 minutes) with inorganic’
32P°u were ineffective in labelling viral or cellular
proteins probaﬁly due to the very large inorganic phosphate
pools within the cell. The lack of the detectable label
associated with NS; in these experiments is likely due to
the 1apge excess of NSV and slow utilization of exogenous
radioactive phosphate due %o large internal poois. In fact,
more recent work in Dr, Prevec's lﬁboratory-clearly
deﬁonstrated iﬁorganie phbsphate labelling of NS.l
(DeTina, 1980), ‘ _

A second major phosphorylated protein present in
Piry infected cells and absent in uninfected'cells (figure 8)
migrates Just sllghtly faster than Piry N proteln. The
idea that this protein is functionally significant to the
Piry infectious cycle is reinforced by the finding that
it is incorporated into mature virions (figure 9). A -
domparison of the structural relatedness of‘this protein

to other Piry proteins is presented in figure 10,



Figure 8,

P _
Phosphate-labelled proteins in Piry

.virug=-infected cells

Piry virus-infected cell cultures’ were
labelled with 32 P—orthoﬁhosnhate from 3 ‘5 to
5 hours post infection as described ln Materlals
and Methods, (central well), An infected
culture labelled over the same time interval
with 5S-methlomne {(left well) and an
uninfected cell culture labelled for 90 min
with 32P-orthophosphate (right well) are
included as controls, The labelled cell
extracts were analysed by SDS-PAGE,

N\
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Figure 9. SDS-PAGE analysis of S°P-labelled virions
| B e

P-labelled Piry virions were.-purified
by two successive runs on 5-40% sucrose
gradients gs.described in Materials and Methods,.
An_aliquot of the 32 P-labvelled virus along with
a 5S-methiom.ne labelled infected cell marker
was analyseqd by SDS polyacrylamide gel '
electropporesis and autoradlography.
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In these experiments the chemical cleavage agent
N-chlorosuccininide (NCS) was used to generate partial
cleavage ?aps of gel pur?fied labelled proteins. The
condition; outlined in Materials and Methods (Brown and
Prevec, 1979) for NCS cleavage facilitate fragmentation
at fryptophan residues., The problem encountered in doing -
this analysis was that there was no 35S-rne't:hionir1e labelled
couﬁterpart for‘Xp and therefore while I could di?éctly
compare 32P--labelled patterns between NS and Ap, the
comparison between N and Xp had to be made betweeﬁ
7%S-1labelled material (N protein) and 32p-lavelled material
(Xp). Figure 10 shows tHe partial cleavage patterm
compaéison between Xp and N protein. Alﬁhough these
digésts were carried out under identical conditions, the
starting N material was much more susceptible to digestion
than whole Xp. This was a;repeatable'fin§ing and I think
suggestive evidehce that ip is not a phosphorylated form
of N protein. A more plausible explanation would be that
.Xp is another species of'Piry NS protein. Consistent with
' this idea is the finding that the cleavage patterns of
phosphate labelled‘NS'and Xp are similar both in terms of

numbers of bands and their relative intensities.

1.3 Maturation of NSi in the Presence of Theophylline

If the conversion of-NSi to NS, was dependent on

phosphorylation, inhibitors of protein kinase activity

*
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Figure 10, N-chlorosuc*inimi&b cleavage of Piry proteins

Piry infected L cells were labelled

with 35S-methlon.1ne or 32P-orthophosphate as-
described :in Materials and Methods, Infected

cell extracts were prepared and analysed by
preparative SDS-PAGE and autoradiography.
ﬁggpopriate protein bands were ?xcised,
eluted and then incubated gith

N-chlorosuccinimide as described in Materials.

and Methods, The partial cleavage maps were
then resolved by analysis of the chemical
digests on 15% SDS polyacrylamide gels and
autoradiography (355 N), 35S-rnﬂ:h:.om.ne
labelled Piry N protein; (3 P,Xp)

32 P-labelled Piry Xp protein; (358 NS )
358--me1:h10n:|.ne labelled Piry NS proteln:
(32P, ) 32p. labelled Piry NSv protein,
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might reduce or preven: this conversion. The following
experiment was designed to see if theophylline whilé
inhibiting protein kinase activity would also concomitantly
?reveﬁt the conversion of NS: to NS,. lonolayers ~>
of L cells infected with Piry virus were treated with
theophyliine at the concentrations indicated iﬁ thé legend
to figure 11, Three hours post-infection %he monolayiL
were labelled with e¥ther 32P-orthopho§phate or
‘BSS-methionine for an additional 1.5 hours in the continued
presence of theophylline, Extracts were prepa;ed and
appropriate aliquots were analysed by SDS-PAGE (figure 11),
The result of this experimént demonstrétes that, though .
theophylline causes a general reduction in the amount of
radioactive phosphate and 35S-methionine incorporated into "
pﬁ%teins there was no concurrent reduction in the relative
rate of conversion of NS, to ﬁS (see 2°S-methionine result,
figure 11). The adenosine analog cordycepin, had essentlally
the same effect as theophylline, that ig, it 1nh1b1ted
phosphorylation without preventing the conversion of NSi to
NS_. (figure 11). These results are consistent with the idea
th::EySi can be converted to NSv in the absence of protein
kinage activity, - I cannot rule out however, the possibility.
that the decreased 32P 1abelling seen during R¥reatment of
these cells w1th inhibitors really represents decreased
-uptake of isotope and that a klnase respon31ble for NS

phosphorylation is still functioning,

L
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Figure 11. Treatment of Pirv-infected L cglls with

theophylline
- Monolayers of 5 X 106 L cells were
infected with Piry virus at an moi of 100

.PFU/cell as’ described in Materials and Methods

and then overlayed with MEM containing 1:50
normal aéiﬁo acid complement for 355 -methionine
labelling or with ~P0, MEM for labelling with
32p-orthophosphate. At this time, theophylline
wa§ added to each plate to a final '
concentration of 1075 M, 10™* M or 10:5 M. At

3 hours post infection, the overlay was +

removed and medium containing either
35S--methionine (30,Ci/ml) or 32p.

.orthophosphate (20Q,Ci/ml) was added to

appropriate plates along with the inhibitor
theophylline. Labelling was allowed to
continue for 1.5 hours at which time the
samples were preﬁayed for electrophoresis as
described in the text. P, labelled with
32P-or%hophosphate; S, labelled with
35S-me‘thionine'. | ' .

’
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1.4 Possible Acetvlation of Piry NS Proteins

Acetylation is a relatively common post=-translational
modification of certain proteins including phosphorylated
histones (Schaffhausen and Benjamin, 1976). Stegink
et al., (1970) demonstrated that acetylation of human fetal
hemoglobin causes a change “in electrophoretié mobility of
the AKsubunit analogous to the shift I observed during

" conversion of NS; to NS_. d _

As a first approach to test the possibility that

NS, may be an acetylated form of NS an S-4 polysomal
)extract prepared from Piry infected cells as descrlbéi in
' ~Materials and‘Methods was incubated under {pell free protein
synthesis cdnditions in the presence of Bﬁfapetate and -
exogenously added coenzyme A (0.4 mM final concentration).
At 30 and 60 minutes, aliquots were reﬁoved and analysed
by SDS gel electrophoresis, Following fluorography;_fhe
gels were exposed to X-ray film for ninety days and the
resﬁltant autoradiogram sKown in figure 12. From the
figure it appears as if thére is Jf-1abelled material. —

-

comigrating with J7S-labelled NS_. The observation that
3H-label is incorporated in the presence of the normal

am&no acid complement and is not found in all‘VtrEf)ZFotii;T—«
(e g. compare M and NS) is con51stent with the idea that

the 3H-acetate is added post-translatlonally to the proteins
(1.e.,no§ through a biosynthetic pathway). Under the
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Figure 12, 3 H-acetate labelline of protein in _in an S-4
pPolysomal extract _ '
‘ A Piry infected S-4 polysomal extract
prepared as described in Materials and Methods
" was incubated in the presence of 3H acetate
and coenzyme A. At appropriate intervals (30
or 60 minutes) aliquots were removed and
~ analysed by SDS-PAGE and fluorography. (353).
-methlonlne labeiled infected cell extract;
(BH, 30), H acetate incubated for 30 minutes
in an S-4 polysomal extract; (3H 60),
3H acetate incubated for 60 mlnutes in an S-4
polysomal extract.
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conditions of this experiment the lack of label associated

- with NSi‘may either indicate that NSi is not acetylated

or simply reflect the smaller pool size of NSi species,
Following the same tack as with‘phosphorylation
experiments it was decided to attempt to prevent the
conversion of NSi to NSv by inhibiting the acetylation
process, Palmiter, (1977) demonstrated that the ihclusion
of excess oxaloacetate and citrate synthase in cell free
protein synthe51s systems prevented protein acetylation: .
by depletion of the acetate donor, acetyl CoA., 1In figure 13
the incorporation ¢f 3H-ace‘tate into TCA precipitable material
in the presence and absence of oxaloacetate an@ citrate
synthase is shown for the poly:ibosomal extract preparéd
from Piry infected cells. The presence of the competing

- system effectively prevented significant 3H-acetate

-

" incorporation into protein (figure 13),

¢ The effect of oxaloacetate and citrate synthase on
the conversion of NS to the NS was examlned as follows,
Cell free protein synth951s by the Piry infected L cell
extract was carried out for 40 minutes in the presence of
353-én:u.ai:hic'n:i'.ne label. Excess unlabelled methionine plus
cycloheximide was added at this point and the mixture
incubated =2 further 90 minutes, In figure 14 the labelled

proteins NSi and NSv are present in approximately equivalent

amounts at the end of the 40 minute pulse period, Following
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Figure 13, Effect of oxaloacetate and citrate synthase on
>H-acetate incorporation in S-4 polysomal
extracts , )

Piry infected S—-4 polysomal extracts
were incubated with K acetate and coenzyme A.
under protein synthesis conditions with or
without oxaloacetate and citrate synthase. At
the indicated times aliquots were removed TCA
precipitated onto nitrocellulose filters and
quantitated by secintillation counting.
(~0X,-CS), without oxaloacetate and citrate

synthase; (+0X,+4CS), with oxaloacetate and
citrate synthase,
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“ .
the 90 minute chase essentially all the NSi has been \<;“Q
converted to NSV. When oxalocacetate and citrate synthase
are present throughout the incubation there is 1ittle or
no apparent con.versionﬂoleSi to NSv @uring the 90 minute
chase, These results are consistent with the idea that
acetylation may play a part in fhe conversion of NS:-L to NSV.

The following observation3-however cast some doubt
upon this interpretation of the experimental wresults,
Firstly, oxaloacetate in the absence of exogenoﬁs citrate
synthase is still an effective inhibitor of the conversién
of NS; to NS, tfigu;e 14), This may be- explained by the
presence of éndogenous'citrate synthase in the L cell extract
as has been described earller for the rabbit retlculocyte
system (Palmlter, 1977). Alternmatively the‘ﬁEE:raulon of
NS protein may be a phenomenon independent of acetylation
which is inhibited by high levels of oxaloacetate or end
product, citrate, To test this possibility the extract
was incubated in the presence of excess éifrate during the
pulse and cycloheximide chase, In figure 15 1t is eV1dent
that the inclusion of citrate alone is sufficient to
inhibit the conversion of NSi to NSv.

The,resﬁlts presented in this section neither
prove nor disprove that acetylation is the post-translational
modification of NS protein responsible for its decreased

electrophoretic mobility in the NSv form, At this point

L]
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Figure 14, Effect of oxaloacetate and citrate synthase on

NSi maturation

A Piry infected S-% polysomal extract
was pulsed with 35S-m‘ethionine for 40 minutes
and then chased an additional 90 minutes with
excess cold methionine and cycloheximide.. In
the indicated experiments either citrate
‘synthase and oxaloacetate or oXaloacetate
alone were included in the incubation nixture,
(P), pulse; (), chase; (-CS,-0X), no
oXaloacetate or citrate synthase; (+CS, +0X),.
both oxaloacetate and citrate synthase; (-Cs,
+0i)} oxaloacetate alone,

L
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Effect of citrate on NSi conversion-

A Piry infected S-O polysomal extract
was pulsed with 35S-methionine for 40 minutes
and then chased an additional 90 minutes with
excess cold methionine and cycloheximide, 1In

- the indicated experiments either oxaloacetate

or citrate were-included in the incubation-
mixture. (P), pulse; (C), chase; (CNT),
standard reaction mixture; (0X), oxaloacetate
included in the reaction mixture; (cir),
citrate included in the reaction mixture,

- )
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the;e seemqﬁ ho:obvious way of determining where the
citrate ;nﬁibitory effect ﬁ?s taggﬁg place (i.e, was
citrate inhibitin§_a pufative acetylating enzyme or .
some other post-translational modification?) and
therefore this line of re3earch was términated.

1.5 lack of Separation of NS_ and NS, on NEPHGE

. In an attempt to resolve further subsets of Piry

NS proteins I performed 2D electrophoresis of infécteﬁ

cell extracts as described b§=0'Farrell, (1975).  An

infected cell extract labelled with 35S-me1:£ionine was

resolved in an isoelectric slgb é:& as described in

Materials and Methods ¢and then';ubjected to SDY-PAGE in

the second dimension (figure 16), Employing this system

I was able to resolve multlple G species and two spots

comlgratlng with Piry N proteln however no radloactlve

materlal could be detected in the region of NS protein,
Since Plry NS is a phosphorylated protein it

seemed possible that it was not remaining. 1n the flrst.

isoelectric focussing dimension because it was too

acidie, /In an attempt to overcome this problem I employed

the technique of non-gquilibrium PH gradient electrophoresis

(NEPHGE) developed by 0'Farrell et al., (1977) which

f;hﬁglves highly acidic or basic proteins. Figure,l? shows _

the result of a non-equilibrium pH gradient slab gel

analysis of Piry i?fected L cells. Multiple bands -
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Isocelectric and SDS-PAGE analysis of a Pi
infected cell extract F

Piry infected L cells were labelled
with 7S-methionine four hours post infection
for 30 minutes, A cytoplasmic extract was
prepared, lyophilized .and then resuspended .
in isocelectric focussing lysis buffer as
described in Materials and Methods., An
isoelectric slab gel was prepared and
prefocussed exactly as described by O'Farrell
(1975), (see -Materials and Methods) before
loading of the infected cell sample and
iso?lectric focussing., An appropriate channel
was cut from the first dimension slab gel and
then immediately preépared for and run in the
second dimension (i.e., SDS=-PAGE, exactly as
described by O'Farrell, 1975), The positions
of NS, G and N protein were irerified by

~

. co-analysis of an infected cell extract in the
~ -

second dimension. ﬁ



acidic ,__m_n —_— | basic




T

8L

. . .
< ) . ) -

Figure 17, Non equilibrium pH gradient electrophoresis
‘ analysis of Piry infected cells '

Infected monolayers were pulse-labelled
with 35S-meth10n1ne, 4 hours post infeckion
either for 5.minutes or 30 minutes as described
in Materials and Methods. ' Samples were prepared
for NEPHGE applied to the top of an isoelectric

/)‘ ' slab gel and then electrophoresed for 4 hours
/ at 500 volts, Positions of NS, N, G and' M

' proteins were determined by analysis of the

- . individual yanes in the second SDS-PAGE

ension, " (30), thirty minute pulse label;
- - (5+30), mixture of 5 minute and 30 minute pulse;
(5), five minute pulse label. . o~

Y
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migrating to the aﬁidic side of N protein (i.e, top of
the gel) are detected in both a 5 minute pulse and a

30 minute 1abe11ing of Piry infected L cells, In a two
dimenéional analysis (i.e. NEPHGE followed by SDS-PAGE,
figure 18) only one of these bands migrates to the
position of NS protein either in the five mirute pulse

or 30 minute labelling period; Therefore, within the
resolution capacity of this two dimensional gel system,

I could detect only one species of NS; or NS_ protein,
Furthermore, under the conditions of NEPHGE there appears
to be no charge difference between NSi and NSv as I would
.have predicted if the two species differed in acetylation

or phosaiorylation status,

2.0 Struetural Analysis of NS Protein

2.1 Amino Terminal Labelling of NS Protein

For several of the experiments described in thé
following sections I made use of NS proteln labelled
speczflcally at the amino terminus of the polypeptlde
with N- formyl-35s-methlomne. The protocol used for
.labelling of VSV proteins was exactly as described by
Brown and Prevec (1981), Briefly, wheat germ initiator
methionyl tRNA was charged with Bss-methionine using
E.colj aminoacyl-tRNA synthetases and then chemically
formylated by the method of Gillam et al., (1968).

"N-formy1-35s-methionine and excess cold methionine was
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Figure 18, Two dimensional analvsis of Piry-infected
' L _cells '
. Infected monolayers were pulse
- 1abelled with 35S-meth:.onlne, 4 hours post
1nfectlon, elther for S5 min or 30 min as
described in the text. Samples, prepared
‘for NEPHGE, were applied to the top of
'isoelectric slab gels and run for 4 hours
at 500 V., Appropriate channels were then
‘. - immediately prepared for and run in the
second dimension in SDS-PAGE, as describeg
by O'Farrell (1975). Presented in this
figure: 5 min pulse label; 30 min pulse
label: mixture of a 5 and' 30 min pulse
label,
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then added to0 a cell.free rrotein synthesis system composed
of a commercial rabbit reticulocyte extracé Programmed

with a virus infected 1 cell cytoplasmic extraet. Labelled
NS protein was resolved by preparative SDS-PAGE and purified
as described in Materials and Methods, To ensure that
label was incorporated only at the amino terminus.and not
at internallmethionine sites I performed tryptic digestion
of the end-labelled material, Figure 19 shows a comparison
of a tryptic digest of NS protein labelled in vitro either
with N-formyl-Bss—methionine or unmodified methionine.
Clearly NS syntheéized in the presenée of 35S-methionine
(MET) generated three major tryptic peptides while N-formyl
tagged NS protein. (fMET) is labelled predominantly in

one peptide, the amino terminal tryptic peptide,

2,2 Molecular Weight Estimation of NS Protein

A% thé time of these experiments the complete
nucleotide sequence of NS mRNA which predicts that the
phosphoprotein should have é molecular weight of 25,110
Daltons had not been published, (Gallione et a1., 1981), .

_As pointed out in the Introduction (see section 7 (e) )
although NS has an electrophoretic mobility in SDS-PAGE
consistent ;ith a protein of molecular weight 39-54x
Daltons the NS mRNA is capable of coding for a profein of
no more than 30K Daltons, As 2 first attempt to resolve

this dichotomy, I tried to estimate the actual size of

»
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Figﬁre 19, Tryptic hydrolysis of internally and
. end-labelled Indiana NS protein
Indiana NS protein was labelled

in vitro either with N-formy1-35s-methionine
‘or unblocked 35S-methionine. The NS protein
were then separately resolved by SDS
preparative gel electrophoresis and
autoradiography, Eluted NS protein was
oxidized, trypsinized and electrophoresed on
cellulose CEL 300 thin layers as described
in Materials and Methods,
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an NS'prétein monomer by Quantitation of theng/BSS ratio
in molecules labelled uniformly with 3H and at the amino
terminus with 353. To.accomplish this, cell free protein
synthesis of VSV polypeptides was carried out with a cell
free polysomal extract using 3H amino acids and
N-formyl-BSS-methionine. Dually labélled proteins N, M
and NS synthesized under these conditions were separately
purified by SDS-PAGE, autoradiograbhy and elution all as
described in Materials and Methods.

The 3H/BSS ratio in each of the purified proteins
was determined by scintillation{counting and the results
are shown in Table 1, O0f the three proteins, NS has the
lowest 3H/35S ratio indicating tﬁat'eithef the N-terminal
methiohine is occasionally removed (i,e, post-translational
processing) or that the nasceﬁt NS polypeptide has a lower
molecular weight than either M or N, The latter
explanation ié probably'the.cofrect one since NS labelled
with unblocked meth}onine'does not have an |
underrepresentation of the amine terminal tryptic peptide
as one would expect if NS were processed at the‘amino
terminus. Also shown in Table 1 is the estimated molecular
welght of NS protein determined by comparison of the T
3-}{/353 ratios and molecular weights of N and M proteins
(determined by co-analysis with cold marker pfoteins, |

see legend to Table 1).
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Table 1

Approximation of Molecular Weight of NS Protein

Protein Uniform.BH -N-formyl- 3H/35 Molecular 3
’ cpm S-methionine S |Weight X 10
cpm
N . 889 ' 205 L,3 50
. . fu‘x'?
M ' 639 : 231 2.7 30
NS 857 486 1,8 20

Tﬁe-sémplgs were each counted twice for 100 minutes
and the avéfégéd cpm values were corrected for baekground
radiation, The molecular weight values for N and M proteins
were determined by‘co-analysis of labelled infected cell
extract and cold mérker proteins (i.e, bovine.serum
albumin, ovalbumin,_trypsih and lysozyme)}. The molecular
weight value for NS was then estimated by comparison of

the 3H/35 ratio to those of N and M,
' 'S
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2.3 Phosphodiesterase Treatment of NS Protein
o One explanation for the lefge difference in NS

protein molecular weight and its moﬁility in SDS-PAGE
could be that NS exists as a dimer formed by an
intermolecular bridge resistant to reducing agents, heat
and detergent. Since NS is also a phosphoprotein it
seemed reasonable‘to_suggest that such a bridge could de
formed by an intermolecular phosphodiester linkage, This
suggestlon was not without precedent as Veis and
Schluetter (1963) had earlier suggested the p0551b111ty
of this type of crosslinking in dentine collagen and more
recently Evans et al., (1979) had postulated the ex1stence
of intramolecular phosphodiester bonds to explalg the
anomalous mobility of NS mutants and revertants of
New-Jersey éerotype. Edmondson and James (19?9) believe
that their 1P NMR studies of flavodoxin provide the first
direct evidence that a phosphodiester linkage probably
betweeh serine residues actually occurs in vivo.

If a phosphodiester bond did exist one might expect
-1t to be susceptible to phosphodiesterases and therefore
I attempted to alter the moblllty of NS protein by
treatment with snake venom phosphodiesterase (SVPD).

Initial experiments were very encouraging‘ae -
i¥lustrated in figure 20, A'35S-methionine labelled Indiana
infected cell extract was treated with 10 units of sva
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Figure 20, Snake venom phosphodiesterase treatment of an

Indiana infected cell extract
-An Indiana infected cell extract was

labelled with 35S,,-.-methioriine 4 ‘hours post
infecti&h for 30 minutes, Cytoplasmic
extracts were prepared as described in
Materials and Methods and then incubated with -
SVPD (Worthington enzymes) 50 ugm/ml or an
equal volume of reaction buffer as deseribed,
The reaction was terminated by the addition
of SDS sample buffer and:«heating, Samples
were then analysed by SDS-PAGE and
autoradiography., (CNT), infected cell
extract incubated without SVPD; (SVFD),
infected cell extract incubated with SVPD,
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Purchased from Wogth;ngton biochemicals and run on SDS=PAGE
with a parallel extract treated identically except that
SVPD was omitted.f Clearly, treatment with SVPD results
* in a loss of labelled material at the normal NS rosition
and a formation of a new band running below M with an
estimated molecular weight of 19.5K Daltons. Subtle
cha;ges in backgrbund bands were also observed however
these may have represented other host proteins modified
with phosphod%?gfi:;7inkages. Two other sources of SyPD
were used on infe d cell exffacts, however one of these
{(from P-L biochemicals) gave‘no discrete product on dlgestlon
and the other (from Sigma) seemed to cause generallzed
proteoly31s (flgure 21) therefore the WOrthlngton enzyme
was used in all subsequent experiments, In the following
- experiments the anti-NS and antl-m antisera characterized R
in section 3.0 were used to try-éﬁa eliminate confusion
due to changes in host'oell proteins during enzyme
treatment A.high speed supernatant from a 35S-methlonlne
labelled 1nfected cell extract (see section 1.7 Materials
and Methods) was 1mmunoprec1pitated with combined anti-NS
and anti-M sera to glve a preparation enriched in NS
but still contalnlng M and N proteins as internal controls.
(figure 22, Ab ent), When this 1mmunoprec1p1tate was
treated with SVPD the NS band is lost and a new labelled
band appears as shown previously (figure 20, SVPD).

‘o~

e



- . Figure 21, Snake venom phosphodlesterase treatment of
S ~ Indiana infected cell extracts 4

4

-~

Indiana infected cell extracts were P
labelled with. > S-methionine four hours post
1nfect10n for 30 minutes, Cytoplasmic
extracts were prepared as described in

‘Materials and Methods and then incubated with

S (either Sigma or P-L biochemicals

5 gm/hl) or an equal volume of reaction

b fer as described, The reaction was

terminated ‘by the addition of SDS sample
ffer and heating; Samples were then

analysede§J§DS-PAGE and autoradlography.

(C)y infected cell .extract incubated without

SVPD; .(P-1), SVPD treatment of an infected

cell extract with enzyme purchased from P-L

biochemicals; (SIGMA), SVPD treatment of ,an

from ST

'infecteimiell extr with enzyme pﬁrcha%sd
Gl .

biochemicals,

B



.-
. e
- .
1.
) B
o . ' . -
e P . ’
S G
e ' 7
- . N
. o ]
. v
v ’ . -



Figure 22, Snake venom phosphodiesterase treatment of

immunoprecipitates

' Infected cell extracts Jlabelled 4 hours
post infection with either 35S-methionine or
32P-orthophosphate were subjected to high speed
ultracentrifugation as described in section 1.7
of Materials and Methods. The high speed
supernatant was immunoprecipitated with combined

anti-NS and antiiM serum as described in section

3.0. The immunoé?ecipitates were then washed
once with reaction buffer and then reacted with
snake vengm phosphodiesterase as deseribed

in Materials and Methods, (Ab cnt),

immunoprecipitate from infected, cell supernatant

untreated; (Ab svpd), snake venom
phosphodiesterase treatment of the

immunopfecipitate; (SuP), high sPeed‘supernatant‘

which served ~as the source of 353-methionine
antigen, ‘ ‘
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In a parallel experiment the enzyme SVED was
incubated with antibody précipitated 32P-lébellgﬁ
material,  Figure 22 shows that the only J2P-labelled
band immunpﬁrecipitated with the combined sera is;ys
and upon treatment with SVPD no discféte bands are
formed., Tﬂis finding wa&jdiscouraging since from the
_known action of SVPD I predlcted that one half of a dimer
held together by a phosphodlester linkage should remain
1abe11ed with 32P after d1ges»1on, The complete loss of
32P could be ratlonallzed if the enzyme preparation was
contaminated w1th a phosphatase or alternatlvely the SVFD
. preparation may have contained-somb_protease activity
which was responsible for the change in NS mobility., To
try and resolve this issue the,follbwing experiment was
designed, Since, in my hands, the phosphorylated sites
in NS protein appear grouped toward the amlno terminus
of the molecule (see sectlon 2, 4) then, if the loss of
32 P is the result of proteolysis one would expect to see
the loss of the amino terminal methionine containing
peptide, On the other hand if the J2P-label was lost
because of the éction of SVFD (or a fhosﬁhafase or ther
combination of both), I predicted ‘that NS labelled with
N-formyl-jss-methionine after trea?ment with SVPD should
migrate with a mobility of approximately 20K~Da1tons.”

In figure 23 the result of this ekperiment is p:esegféd.
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Figure 23, Snake venom phosphodiesterase treatment of
N-formyl->°S-methionine labelled Indiama
profeing s :

A cell free extract was incubated with
N-formyl-jss-methionine to label viral
S ngfeins NS, N and M as described in Materials
AN

and Methods, The extract was divided into two
parts, half incubated with SVPD the other half
incubateé;gi%h buffer, Samples were analysed
by SDS-PAGE and autoradiography, (BNF CELL),
infected cell marker; (fMET), N-formyl-
35S-methion:'u'ua* labelled extract incubated
with buffer; (fMET SVPD) N~formyl-
_ 3-'5S-rm=.1:hionine labelled extract incubated
“with SVPD (50.cgm/ml,

Y
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The lane designated fMET shows the SDS-PAGE profile
of material synthesized in vitro in the presence of
N-formyl->’S-methionine and the lane, £MET SVPD, shows
the same matfrial after treatment with SVED. Clearly

all 1abe1$pd material comigrating with NS protein is

Post after thﬁ{;nzymatic treatment however no discrete

bands appear at lower positions in the gel, Taken

together I think these findings indicate that the effect
"

of SVPD on NS mobility is miost likely due to protease

—_—

contaminating the enzyme ﬁreparation.

2,4 Linear Mapping of Phosvhorylated Residues in NS Protein -

The parfial cleavage mapping experiments described
in th¥s section were designed to provide preliminary
in@ormation in the search for the exact sites of NS =
phosphorylation.’ The technigue ﬁsed was dgveioped‘by
Brbwn and Prevec (1982) and it allowed me. to locate the !
phosphorylated residﬁes”in-NS with respect to its
tryptophan sites and the protein’s amino terminus., To
perform this analysis three types of labelled NS protein
were prepared, Labelled, ‘Indiana infected L cell extracts
were used as a source of either 3?P,on 35S-?methionine
metabolically labelled NS protein, whilemig vitro
synthesized NS protein was labelled only at the amino

terminus as described in section 2,1 of the Results,

- The three independently labelled NS species were

c
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Figure 24, N-chlorosuccininide treatment of purlfled
Indlana‘NS protein

<:‘ : Indléﬁh}gnfected L cell extracts were
: “#gnelled with 3 -methionine as described in
Materials and Methods., Infected cell extracts
were prepared and analysed by preparative
. SDS-PAGE and autoradiography, The NS band was
excised eluted and then either indubated with
N-chlorosuccinimide plus solvents (A) or
solvents alone (B) as described in Materials
and Methods, The molecular weights of the
indicated fragments (given in Daltons) was

‘determined by co-énalysis with cold marker
proteins, as described in legend to Table 1,

~
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then reacted with N-chlorosqccinimidé under conditions

—

which yield partfél digestion at tryptophan r;sidues.‘
As. a control, to assure that cleavage was being effected
by NCS and not simply by the reagents which are required
for the'reaction, purified 35S-methionine labelled NS was
incubated either with solvents alone or solvents plus NCS.
‘The result of this experiment is-shown in figure 24,
Clea%ly. only when NCS is included in the reaction mix is
there significant digestion ofdfure NS protein,

The partial digests of the three differentially
labelled NS species are-shown in figure 25, .Eight well

~ defined fragmemts are generated by partial digestion of

355 -methionine labelled NS protein produced in whole cells, '

(figure 25, lane A). The four slowest mlgratlng fragments
are detected when end-labelled material is dlgested with

- NCS demonstrating that these arg the fragments which

~contain the amino terminps_of'thg-original nascent,protein;
(lane C), Material labelled with 32?. when digested with
NCS, gave a partial digestlon pattern identiecal to that of
end-labelled materlal, (1ane B), This clearly demonstrates
that Indiana NS rrotein synthesized in infected cells is .
phosphoryiated at sites amino to NS tryptophan residues,
This same pattern of labelllng ‘is also seen in the Plry
serotype of VSV, (see figures 10 and 26), When human

KB cells are‘used as the host for an Indiana infection
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Figure 25, N-chlorosuccinimide cleavage of Indiana,

- NS proteln
- ‘ ' 35S-me1:hlon1ne labelled and

32 P=- 1abe11ed Indlana NS protein was purified
from 1nfected L cells by SDS-PAGE,
autoradiography and elution all as deseribed in
Materials -and Methods, N-formyl-BSS-methionine
‘labelled NS protein was symthesized in vitro
and purified as described in Materials and )
Metﬁods. The purified proteins were separately
treated with N-chlorosuccinimide and the partial
cleavage maps resolved by analysis of the-
+ chemical digests on 15% SDS polyacrylamide gels
' and autoradlography. “{4), metabolically
35S-methlonlne labelled NS proteing (B),
metabolically 32 P*orthophosphate labelled
NS protein; (C), N-formyl- 5S—methlon1ne
labelled NS protein, The molecular weights of °
the indicated fragments (given in Daltons) was
determined by co-analysis with cold marker
. Proteins, as described in legend to Table 1,






3

Figure 26, N-chlorosuccinimide cleavage of Piry

LAl
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NS_proteins - - ’
35S—methionine‘labelled andJBZP-

-labelled Piry NS protein was prepareﬁ from

infected L cells by SDS-PAGE, autoradiography .
and elution all as described in Materials and
Methods, N-formyl-35s-methionine labelled

NS protein was synthesized in vitro and

 purified as described in Materials and Methods,

The purified proteins were.separately ireated
with N-chlorosuccinimide®and the partial
cleavage maps, resolved by anaiysis of the
chemical digests on 15% SDS polyacrylamide
gels and autoradiography;. (355), 35S-methionine
labelled NS protein; (fMET), N-formyl-
35S-methionine labelled otein; (32P),
metabolically 32?-orthophoé§hate labelled

NS protein, The molecular weights of the
indicated fragments (given in Daltons) was
determined by co-analysis with cold marker _
proteins, as described in legend to Table 1,

N Y : v
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(i.e., as opposed to mouse L céils) again the most heavily
lebelled fragments are those which centain the amino ‘
terminus (figure 27). These results previde good evidence
that NS is phosphorylated toward the amino terminus of the
' proteln. "The fact that this pattern is preserved in two
-differemt serowypes (Indlana and Piry) and 1n different
D " e ‘ host cells (moug and human) suggests that this pattern
” of phosphorx;atlon‘many\wfunctlonally significant to

the activity of NS protein in vive. In some experiments,
flgures 27 and 28, in addition to the pﬁgiary

phosphorylatlon 51tes located in the amino termlnal

' -fragments I detected a minor amount of phosphorylatlon
1n fragments whlch are carboxyl to the. tryptophan sites.

2,5 Tryptlcggngestlon of Indidna NS Protein

B Iﬁ an attempt to dissect out the exact locations
phos hate re51dues in NS proteln, I subjected it to two
dgmeﬁg:fnal tryptlc mapplng. When 35S-methlon1ne 1abe11ed

‘materlal is dlgested with trypsin and analysed on cellulose

‘ thin layers three-elearly defined peptides are resoived
- (figure 29), This finding is in exact agreement with
the amiho ‘acid sequence,pfediction for NS protein by
'~_Galllone et al,, (1981) and suggests ‘that the experlmental
condltlons result in complete tryptlc dlgestlon of the .

prot n (see Appzndlx I). 1In contrast in a parall 1 - "k;

f 2D tryptic _ is of 32P-1abe11ed NS proteln essentlally



Flgure 27. N-chlorosuc01n1m1de cleavage of Indlana
NS_protein produced in hnqﬁg,KB cells . - ,
Indiana 1nfected KB cells were _ 3.
labelled with either - S-methionine or |
L P-orthophosphate 2§ described in Materials
and Methods,” Infefted cell extracts were
prepared and analygsed by preparatlve SDS=-PAGE
and autoradiographi. NS protein’ hands were
excised, eluted and then incubated with
N~ chlorosucc1n1m1de as described in Materials
and-Methods, The partial cleavage maps were
resolved by analysis of the chemical digests
on 15% SDS polyacrylamide gels and
autoradiography. (NS.3 S), purified
5S-methlon1ne 1abe11ed NS . proteln reacted
with NCS; (NS,2%P), purified 32P-1abelled -
NS protein reacted with NCS. mhe molecular '
‘weights of the indicated fragments (given in
Daltons)gkﬁs determined by co-analysis with
cold marker protelns, as deseribed in legend to
Table 1,
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Figure 28, N-chlorosuccinimide cleavaze of Indlana
NS Droteln produced in I eells
. Indiana infected L cells were labelled
rwith335s-methionine of 32P-orthophosnhate as
described in Materials and Methods. Infected
- cell extracts were prepared ‘and. analysed by’
preparative SDS-PAGE and autoradlography. ’/’
NS protein bands were ex01sed eluted and then
incubated with N-chlorosuccinimide as described
in Materials and Methods., The partial ‘cleavage
maps were resolved by analysis of the chemical .
digests on 15% SDS. ‘Polyacrylamide gels and
autoradiography (a), 35 S-methionine labelled
Indiana NS protein; (B), 32p. ~labelled Indiana
NS proteln treatad with NCS for ten minutes;
(C) -labelled Indiana NS protein treated
w1th NCS for ninety minutes.” The molecular
\_2 weights of the indicated fragments (glven in
o Daltons) was determined by co-analysis with
cold marker proteins, as descrlbed in legend
to Table 1,







Figure 29. Tryptic fingerprint of 35SFmethignine labelled

106

'

Indiana NS protein _ o
3SS-methionine 1dbelled NS protein was
ﬁﬁrified by preparative SDS~PAGE from Indiana
infected cell extracts labelled for 30.minutes
some four hours post infection. The NS band
was excised from the gel, oxidized and
trypsinized (1 ugm/ml) as described in Materials
~and Methods, Two dimensional analysis by -
electrophoresis and chroméﬁography was performed -
on celluleose CEL 300 thin layers,
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all radioactive material remains at the origin of
applicatibn with slight smearing in both dimensions.

A similar finding has been reported by Hsu et al,, (1982)
us1ng the San Juan strain of Indlana. One dimensional
thin layer e{zctrophoretlc analysis of trypsinized
32P-labelled NS protein 1s shown in figure 30, At pH 2

most of the applled sample remains at the orlgln with

only sllght streaklng toward the cathode., At pH 6, the
material migrates toward the anode as. a single spot with

low mobility; Oné explanation for this low electrophoretic
tehaviour on thin layers is that the 32P-labelled tryptic
peptides are large ffagmehts Alternatively they may be
peptldes which are poorly charged and have a hlgh afflnlty
for “the cellulose watrix. To dlffernntlate between thes
possibilities I'scraped the 32P-la.belled material from the
thin layers shown in figure 30, solubilized it in SDS

sample buffer and then applied it to a 15% SDS polyacrylamide
gel. In my hands, the 35S-methlon1ne labelled NS tryptic
peptides are too small to be reseclved on a gel of this type

and run with the bromophenol blue marker, I predlcted that

1f the 3 P labelled tryptice peptldes were large fragments

they may be resolved as bands migrating. behlnd the front
(bromophenol blue marker), Flgure 31 shows the. result of

this exprrlment and clearly there 1s a radloactlve band (TF)'

migrating behlnd the front (F). The band rnns in the gel __:
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Figure 30, Thin layer eléctropho;esg§ of 32Pf;abelled

tryptic peptides ' *

_ 32P-labelled NS protein was purified
H& preparative SDS-PAGE from” Indiana infected
cell extracts labelled fgr 1.5 hours, four ™ |
hours post infection with 32Piq;thophosphatb
(200 4Ci/ml). The NS band was‘ékqised from
the gel, oxidized and trypsinized exactly as
described in figure 29, Electrophoresis—was
performed on nelluloséfCEL 300 thHin layers

at pH 2 or pH 6 for 2 hours at 400 volts,

«
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‘Figure 31, SDS-PAGE analysis of tgyp31n hxdrolxsed
32 P-~labelled Indiana NS protein

) The 32 P-labelled material that remaiﬁed

“ - at the origin of electrophoresis in figure 30
was scraped from the thin layer mixed with SDS
sample buffer and analysed by SDS-PAGE (15%

’"““‘acrylamlde) and autoradiography. A
5S-meth10n1ne labelled cell extract was

included as a marker in the left hand lane,
(N), Indiana N protein; (M), Indiana M’ proteln,
_(F) gel front identified by bromophenol blue
marker; (TF), J°P-labelled tryptic fragment from
figure 30, .
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and~thereforergo undetected.
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_..‘ I .
with an estimated’ melecular welght of 5}5K Daltons

ThlS result along with the data provided iq\the linear
mapping experiments (section 2, 4) suggest tﬂgt at least
one site of phosphorylatlon in NS protein 1s in a large
tryptlc peptlde located on the amino terminal side of

all NS tryptophan re31dues. This finding is supported

by the amino acid sequence predlctlon of Gallione et -al,
(1981) From their nucleotide sequence data these authors

predict that NS contains a large 7.5K Dalton tryptlc

peptide which contains serlne and threonlne re
both of which are phosphorylated in NS proteln (
et al,, 1979). Furthermore, all, .0f the potential 31tes
of phosphorylatlon in this eptlde are located on the

amiro terminal side of all t tophan residues (see
/

" Appendix I). Alfhopgh.the-above data are consistent with

phospﬁbrylatibn occurring within the large tryptic

fragment they .do n%t exclude the p0851b111ty of addltlonal '

sites of phosphorylation 1ocated between the amino termlnus
he protein and the large tryptlc peptlde - As p01nted
out above, the radioactive materla; 1nlf1gure 30 may be'a

heterogenedus ropydation of peptides, some. large and

immobile while others are small but poorly charged., These

&+

small peptides would not be resglved on the gel (f?fgif.Bl)
o oo %
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2,6 Phésphodipeptide Analyvsis of Phosphoproteins
Several possxble approaches may be used to 1dent1 y
the exact sites of phosphorylatlon within a protein.

I had hoped to use seqqentlal Edman degradatlon

purified proteln as a dlrect method for

identifIvation of the in vivo sites gf:phosphorylatlon
in NS In- prellmlnary experlments u31ng 3ss-methlon1ne
labelle Indlana proteln it became evldent that SDS-PAGE

purified was blocked at 1ts amino termlnus (Table 2),

{\Eei;lone et.al.,

tryptlc maps

Recall that)\the amino acid predidtian o

(1981) ’ih the N—formy1-35s-methlon1n

.demonstrated that NS has at its amlno Qermlnu a methlonlne

residue. In the experiment presented \in T e 2 although *

the 1nternal stan?ard lysozyme was corrgetly sequenced =
there was no gignificant release of'fa%ioactive ma*erial

from if:j;ethionine'labelled NS. One p0531ble 1nterpretat10n
of this fTinding\is that NS. is blocked at its amino -terminus

by post-E}:;slatlonal acetylatlon as was eariﬁer suggested

(see section 1, ). Purthermore ﬁ;nan,et al.,
(1982) point out that Edman de dation, to determlne the
sites of phosphorylation can be an unsatlsfactory technlque

since (a) no PTH derivatlve of phosphoser1ne is generated

T;tlc cleavage\Qi the'phosphoproteln to generate
N '

labelledfh”ptiees is the most éoﬁmon approagh and'especially

&




rAutomated Sequence Analv31s of 3-'SS-meth:Lonlne e Labelled

‘ NS Proteln (:\

,//,//

&

]
7 ,
Cycle| Radioactivity | Theoretical Observed Obs%rved Lysozyme
# | Loaded 355-pru- 35s-PrH- | PrH-Derivative
Methionine Methionine l ’
1 100,000 com | 33,000 cpm 900 com Lysine
2 — 40 cpm Valine
3 70 cpm Phenylalanine

NS proteln purlfled by SD§‘;;;; and eluted as_,M

descrlbed in Materlalg\gnd Methods was loaded along with

57ngm of lysozyme into a- Beckman automated sequenator.

Sequence ana1y31s was oarrled out u51ng a 0.1' M Quadrol

1nclu81on of phenyllsothlocyanate.

5;. pro : . An 1n1t1al cycle was carrled out without the

The"anilinothlozollne

derlvatlves were converted to phenylthlohydant01ns (PTH)

of amino a01ds by treatment with 1 M, HC1 at 80°C for

10 mlnutes and then 1dent1fled by chromatography using

3111ca N-HR thln layers

3SS—methJ.onJ.ne labelled

-PTH-methlonlne was identified by elutlon of authentlc

PTH-methlonlne spots and secintillation cofin

=
g.

-

FollOW1ng the three sequenc1ng cycles the cup was washed

w1th 10% SDS and the re//}eved materlal was TCA preclpltated

'.+




7 o |
. s o ;
’(ﬁable 2 continued) | - s 3?,/f L
_and subjected to scintillation couﬁting. Approximately
92% of the,radioactivity applied to_the cu:/xgé recovered
'fby‘this protocol indicating that whilellyé zZyme was

correctly sequenqedf(see'above) less! than 3% of the

potential amino terminal methionine residues reacted

with PITC,

'
Vo
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useful if the‘protein's sequence is kﬁowﬁ,'iA reeen€ | j -~

technique developed by Jones and Olson (1980) allows

nearest.neighbour‘anslysis of the phesphorylgjed residue

1n the native proteln or peptlde. These authors .

demonstrated that one of the products af 11m1ted ac1d

hydr 1ysis of proteins is a phosphodipeptide of the |
ructure X-Ser(P)-or‘X-Thr(P) (where X represents

. any amino aeid), If this techhique is coupled with

enzymatic pegmlde mapping 1t shoﬁld be possible to

unequlvocably determine the site or 51tes of
phosphorylatlon 1n a protein of known sequence -‘_ -
I therefore\s/lempted to apply this technique ‘ E@?

"of nearest nelghbour ana1y81s to NS proteln. In the - Iy

prellmlnary experlments descrlbed ‘below the\mglk

proteln c(-caseln was used as a model phosphoprqteln {*,

‘ to optlmlze the conditions of analysis, ‘

As a first approach 150 mgm of either:bovine
serum albumin (BSA) or oX-casein was sub;ected to acid
hydroly31s using the protocgl described by ones»and Olson -

(see legend to figure 32). A)e two hy rollsﬁpes were

filtered through glass woq}. lyophlllz ‘ spotted in the

middle of a piece of Whatman 3M paper and then subgected
to hlgh voltage paper electrophore51s. (2000 volts, 1 hour
PH 1 9. The electropherogram was stalned with- nlnhydrln
to 1dent1fy the products of hydroly51s. Flgure_32 shows

4



Flgure 32, High voltage paper electrophore31s of  o=-case in

\ 1

and BSA acid hydrolysates
BSA and cg-caseln were .acid hydrolysed

‘as described in Materials and Methods and then
- analysed by high voltage paper electrophoresis

(2000 volts, 30 minutes,~pH 1.9). . Presented

in this figure is a p aph of the . .

ninhydrin stained elect pherogram, (PS)ke
phosphoserine marker; (A)| BSa hydrolysate
after passage through catibn beads at PH 1.9;

. (B}, BSA hydrolysate prior (to passage: through

cation beads; (C) o -ca hydrolysate after
passage through cation“beafls at pH 1,9; (D);
K-casein hydrolysate prlor to passage through
catlon beads. (OR), site of . sample appllcatlon.:

*
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'hydrdlysate wnlch Jones and O0lso

» T

116 - -‘ \“14

the result of this analysis. In the case of BSA (lane B).

all ninhydrin stalnlng material runsein a smear toward

" the cathode as would be expected since at pF 1.9 all

£ R
common amino ac1ds are fully protonated, In contrast, the

hydrolysate of the phosphoprotein c(-casein contalns in
addltlon to positively charged nlnhydrln stalnlng materlal.-

negatlvely charged phosphoserlne and nlnhydrln p051t1ve

{:;,matea;al which remalns at‘bhe origin of appllcatlon “

(flgure 32, lane D) It\vas ‘the mai!rlal whlch remained

"at the- orlgln in a nonhlstone nuclear protein acid

-1980) identified as

phosphodlpeptldes. Since % Bilve ‘Phosphodipeptides
-———«—"—)‘m

were either poorly charged or neutral at pH 1,9 I- attempted

. %o enrlch for them by m1x1ng the hydrolysate with cation

exchange beads (amberllte 1R-120(H) The ra+1onal here

'was that at pH 1.9 the positively charged amino aclds
'and peptldes, whlch made up the bulk of the hydrolysate,
e_would bind to the beads while the neutral and negat1vely-;

charged molecules would remaln soluble. The result of -

thls experlment 15 presenxed 1n figure 32 Lane C Shows
the maFerlal in thecx-caseln hydrolysate whlch would not
bind to cation exchange beads at pH 1.9,. Clearly, there
is an enrichment in this fractlon of both the - _
Eisaghodlpeptlde and phosphoserlne. In addition there is

some ninhydrin positive material whlch,rune ahead of -

- -
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phosphqserine however this species has not been
characterized., The RSA hydrolysate even after
enrichment shows no material comigrapiné with putative
phOSphodlpeptlde\fflgure 32, lane A),

The phosphodlpeptldes were further purified by
paasage through an anion exchange column as described by
iones and Olson (1580) Essentially, the wash from the-

catlon beads (figure 32, lane C) was reduced to dryness by

~lyophilization and resuspended in ddH20 This material

was applied to a Dowex 1" anion exchange column which had
been preequlllbrated with ddeo. The-bound material was

eluted by stepwise increments in the concentration of a

- formie acid wash, The .separate fractions were concentrated

by 1yophlllzatlon and analysed by high voltage paper
electrophor951s. Flgure 33 is a photograph of the )
nlnhydrln stalned electropherogram and ev1dently thls

:fractlonatlon ‘provided me with essentlally pure putatlve

: phosphodlpeptlde material in the 0,3N formic acid wash, -

To verify that this materlal d1d represent '
thSphodlpeptldes I submitted the 0, 3N formlc a01d wash
to one cycle of. Edman degradatlon as descrlbed by Jones | )
and Olson (1980) If the materlal was phosphodlpeptldes 3\
of the structure X-Ser(P) then removal of X vy Edman )
degradatlon should generate rhosphoserine,’ F;gure 34

shows the result of this analysis, ‘The control in this
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"Figure 33, High voltage paper eléctﬁ;phore51s of K -casein
acid hydrolysate fractlonated on a Dowex-1
anlon exchange column
The material shown in flgure 32, ‘
lane C was applied to an anion eXchange column N
preequilibrated with ddH,0. Stepwise - ) ’
increments in formie acid wash were collected
v - as the individual fractions indicated and -
lyophilized, Samples were applied to the
centre of a piece of Whatman 3M paper and
jécted to electrophoresis (2000 volts,
30 mirnutes, pH 1.9) before ninhydrin staining
of the electropherogram, (PS), phosphoserine
marker; (2N), 2N formic acid wash; (0,38),
0.3N formic acid wash; (0.13N), 0,13N. formic
acid wash, (OR), site of sample application.
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Figure 3%, High voltage paper electrophoresis of
‘\y gho_phodlpentldes after Edman degradation
"~ The phosphodlpeptldes isolated in the
O.BN.formlc wash (figure 33) were mixed
~with 70% pyridine (CNT) or 70% pyridire plus
phenylisothiocyanate (PITC) and then reacted
under nitrogan as described in Materials and -
* Methods, Followinzexhe coupling

the PT'C amino terminél amino id'from the,
remainder of the peptide, Reaction“by
products and PIC derivatives were extracted
with éthylacetate and the remaining peptide
materlal was analysed by hlgh voltage paper

i~ | electrophor931s (pH 1.9, 2000 volts,. '

| "~ 90 minutes), - (Pr), phosphothreonine marker;
:) - (CNT), phosphodipeptides plus solvent; (PITC),
¥ 3 rhosphodipeptides plus solvents and PITC;
(PS), phosphoserlne marker.'

S
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case/;;s incubated under identical conditions except that
phenyllsothlocyanate (PITC) was omitted, Ev1dently there
is 51gn1f1cant convers1on of putatlve phosphodipeptide
material into nlnhydrln pos1t1ve materiagl which -
comlgrates with phosphoserlne. I belleve ;nat-the
material which remalns at the orlgln following one cycle .

of sequentlal degradatlon represents phosphodlpeptlde

which did not react w1th\Edman reagent. Support for

this notlon can be found from numerous examples in the

literature of the aberrant react1v1ty of phosphorylated
amino acids- and phosphodlpeptldes toward PITC. For
1nstance, Jones and Olson (1980) have demonstrated that
free phosphoserlne and phosphothreonlne are totally
unreactive toward PITC, Naughton et al.,‘(1960) report
that in their hands, Edman degradatlon of phosphopeptldee

gives varlable results, generatlng as well as predlcted

end products. 1norgan1c phosphate and unchanged material, .=

Recently, Mamrack et ‘al.s (1979) have shown that durlng o
automated sequential degradation of phosphorylated
a01dlc protelns and peptldes the release of PITC
derlvat;zed amino ac1ds.becomes igYnchronous as
phosphoserlne or phosphothreonlne is approached.

To perform nearest nelghbour analy31s the
heterogeneous phosphodlpeptlde had to. be further

fractionated into unlque speoles. Jones and Olson (1980) -

N
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used'two dimensional ‘paper electrophoresis to facilitate
‘the separation of phosphodipeptide, However, in my .
hands, tﬁis procedure was_inadequate. I found combined
electrotﬁp%esis and chromatography on cellulose thin
layers to be a more satlsfactory method of resolutlon.
Figure 35 is an example of a two dlmen51onal cellulose
thin layer analy51s of phosphodlpeptldes derived from
c(-caseln. Approx1mately eight ninHydrin prositive spots
of variable 1nten51ty were detected, This flndlng was
con51stent with the seven/ﬁhosphodlpeptldes ldentlfIEd '

by Jones and Olson (1980) .and the partial level of
c{-caseln phosphorylatlo

I have attemptedigdld identify the amino yterminal
biaue prossnocises

amino aeid in each of % ique phosphodipeptade spots

however-due to poor redoveries from cellulose thin -

layers thas work has been unsuccessful %

2,7 Phosphodipeptide Ana_xs;s of NS Protein

- Several authors (Cllnton and ‘Huang, 1981; -
Hsu et al.,, 1982) have 1dent1f1ed serlne and threonlie
as the 51tes of phosphorylatlon in Indlana NS protein ®
-produced in infected BHK cells. Flgure 36 demonstrates
that both of these residues are also 1ab’hled with
32 P-orthophqsphate in-NS proteln produced from 1nfected‘
‘mouse (L) and human (KB). ce%;s.~ Other pro ucts of 11m1ted

acid hydrolys1s of 3 P-labeIled- NS are. lnﬁf nic phosphate

-

-
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‘.Flgure 35. Two dimensional analxs is of . c(»caseln
| pho;phodlpgptldes ,¥~
' Phosphodlpeptides purlfled as described

in the precedlng figure were spotted onto
cellulose thin Jayers (CEL 300) and subjected
4o ‘1ectrophores (&00 volts, 90 minutes,
“‘pH 3. aphy (isopropyl alcohol:

formic acid: M Nz P0O,, 40:2:10). The

,

L

resolved peptides were 1dengxfled by nlnhydrln
stalnlng. ' :
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. Figure 36, High voltage paper electrophoresis of .
: - P-labelled NS protein acid hydrolysates
‘g C 32P-labelled'NS protein produced in

BHK, L or KB cells was resolved by
-preparative SDS-PAGE and autoradPography ail
L 'as described in Materials and Methods. The
L labelled NS bands were excised, eluted, TCA
precipitated and acetone washed also as
described in Materials and Methods, The
purified.NS"proteins were subjected‘fo acid
hydfolyéis (2NHC1, 110°C, 4 hours) under
reduced nitrogen atmosphére., The hydrolysates
- wére filtered through glass fibre filters
" lyophilized and then spotted onto Whatman 3M ™
_ ggper. 'Electrophoresis  was'&érried cut'fdr, ' ‘Jii
Vo ninety minutes at 2000 volts (pH 1,9).~ ‘ T
- ; resultént autoradiogram is prefgnted ing o i :
.. . figure. Phosphoserine and phosphothregfine c
f"%efé‘identified_by nin®drin staining,
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x . N . . \ . D . . - . A :
. ' —~— . . . . . . . . K
| P | - PR
o | : coe -

. ¥

’ -0 k-

‘ . . . T X .’%.
a & : : BRI cj - 2

CEY



BHK. KB

L




Lo

124

{(Pi), positively charged phosphopeptides (PP) and
material whlch remains at the or1g1n {(0) and presumed
£o be phosPhodlpeptldes. v )

The purlflcatlon procedure described ®in the «
‘previpus seotion is a reallstlc approach fo 1solat1ng
' pure:phosphodipeptides when one can obtain- ligram.

quantities of starting*material. However when working ~

with amounxs of proteinfdetectable”by isofope labelling
it becomeg technically 1mpract1cal to use this muitlstep ’
protoc;; I.therefore adopted a three diﬁensional method

- of thlnflayer analy31s to resolve the putatlve

- A

phosphodlpeptldes.' The first dimension was electrophoresis ‘.
at  pH 1€ whlch as shown 1n .flgures 32 and 33 separates | m‘
phosphodlpeptides from the other radioac%ive species. In
partlcular pos1tively charged phosphopeptldes move |
rapidly toward the cathode and can be: rePoved from the
‘electropherogram simply by trzmmlng off the lower edge
. of the cellulose sheet. The second dimension is another
electrophoretic.seEE£§§ion. this.timeat/yi;§;5. The | .
{provably #
because the end COOH is no longer protonate ) and veginl N
s. The thlrd dld\h | L

pﬁg;;;odipeptides are now negatively charged

to resolve into unique gr 51on is .

chroméiggfg;;x{hsi

18%;22‘20 figure/37. The positlons of ﬁhos://serine and- - C ke

phosphothreonine are verifled by ihclusion ©vT cold mafker o
, _ | - .

L LT,
J- B 0

' the condltlons descrlbed in the
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Figure 37, Three dimensional analysis of acid hydrolysed

Q
i«

washed all as described in-MateriaIS'énd‘

Indiana NS protein __ -
Indiana NS protein lgbelled with

32P-orthophosphate was purified by preparative
SDS-PAGE, eluted, TCA precipitated and acetone
Methods, The purified protein was theq{

subjected to .aacid hydrolysis (2N HCL, &4 hours.

110°C) under a reduced nitrogen atmosphere.

The hydrolysate was filtered through glass
f;bre filters, lyophlllzed and resuspended in
ddH2 . A minimum volume (approx1mately 1.0l)
was spotted onto TBL 300 cellulose thin 1ayer
and subjected to electrophore31s (90 minutes,
%00 volts, pH 1, 9) in the first dimension.
Ayto:adlogpappy was perf rmed +to locate the
assorted labelled species and any positively .
cﬁarged material was removed by trimming the
lower edge of the thln 1ayqp (p051t10n of

0.01M Na Pob buffer (40;2:10) (KB cell),

32P-1abel'le S proteln produced in KB cexTs;
(L cell), 3 P-labelled NS(protein produ'ed




Ls




Phosphoamine acids and ninhydrin staining, Figure 37
¥ shows‘the result:g;;thls three dimensional analysis using
acid hydrolysed NS produced elther in human (X8B3 or
mouse (L) cells.x Clearly these patterns are- 1dentlcal'
\1nd1cat1ng that Probably the same 51tes are phosphorylated
 in both preparations., Assuming that all phosphodlpeptldes
have been’ resolved (although this is nsz necessarlly true)
I predlct from this analy31s there“are 2 minimum of six
phosphorylated sites: 1n NS proteln. Flgure 37 also suggests
hat there is varlablllty in the 1eve1 of phosphdrylatlon
ifferent sites within the proteln. ‘A similar finding
was O%t&lﬂEd by Hsu et al.. (1982) in tHeir chymotryptlc
analy51s of NS protein, 1I cannot however exelude the v
p0331b111ty that nhosphodlpeptldes are dlfferentdﬁlly
sensitive to acid hydroly51s and therefore the nature of

the amlno termlnal amlno acld may dlctate the relative

abundance of that specles under particular hydroly31s (
e N

condltlons.__ ' . .

Yo The -hosphothreonine and‘phosphoserine résidues

were-sﬁrape from the thln layer shown in flgure 37 and
duantitated by sclnxillatlon counting. In both cases

'(1 e, KB. and L cells) there was approxlmately four T

phosphoserlne for ery one phosphothre nine, Cllnton

fq; every one phosghothreonzne im/their c1d hydrolysates
f 32 “P-lavelled NS protein. | '
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2.8 Edman Degradation of (32p) Labelled Phosphodiveptide

It was necessary to prove, as 1n the' case of the

'c(-caseln derlved phosphodlpeptldes, that the radicactive

~material whlch remalned at the orlgln was of the structure -

X-Ser(P) or X-Thr(P). To thls end, .the labelled materlal
whlch mlgrated near the orlgln 1n flgure 36 was eluted
with water and concentrated by lyophlllzatlon as described
50% aqueous pyridine was divided in two. one half
subjected to Edman degradatlon in the presence of PITC and
the other half treated i entically except that PITC was
omitted. Follow1ng coupiﬁng\and subsequent cleavage
W1t TFA. all as descrlbed in Materlals and Methods,
both samples were resuspended in ddH20 and then extracted
with three cycles of water saturated ethyl acetate. The
organlc fractions were pooled and reduced to dryness |
X

under. a nltrogen stream whlle theéiqueous phases were

concentrated by lyophlllzatlon.

(1979) had shown that am¥no terminal phosphoamlno aclds

after reactlon wlth PITC’ form unstable PTC derlvatlves
whlch are extractable w1th organic solvents. In these
emperlments no S?le&Cthlty was detected in the organlc

phase 1nd1cating that putativd dlpeptldES d1d not . contain’

amino terminal phosphorylated regiduesy o @
~ The aqueous phase was analysed by ht%h vcltage
R ‘@’ . - Y ' .

o o - . ¢ o

L

‘- . _. B .’_. . . . 7"‘7.

W

ev1ously Mamrack et al..‘-
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ﬁaper-electrophoresis and the resultant.auteradiogram is

-.ehown n figure 38, Radiocactive phosphoserine‘eluted

‘ wifh water_f}om a paper elgctropherogram was ineluded

as a marker phosphoamino acid in.the one dimensionalcﬁg
_--‘ enalysis. Clearly, in the comtrol samble treatment of
‘ 'phosphodlpeptldes w1th all reagents bG;rPITC does not
alter their- mobility oeﬁhlgh voltage paper electrophor951s
Cflgure 38, right hand panel. CNT ), Incl;‘!in of PITC

ﬁ%ghe reaction mlx results in the generation of

4phosphoser1ne and inorganic phosphate: “The 1dent1fication.
of- phosphoserlne as aﬂ end product of one cycle of Edman

degradation is eon31stent w1th the notlon that the -

radloactlve”startlng material {s of the strueture_x-Ser(P).
norganic phoeﬁhate; another by_product of this reaction
was not reported by Jones and Dlson (1980) when they
tr ated phosphodipeptides with Edman reagenx Other
| aut ors (Naughton et al.. 1960 Mamrack et al.. 1979)
ha. however demonstrated that treatment of phosphopeptldes‘
‘with ITC results in nonspec}flc release'oi_lnorganlc
- phosphu e. h B | |
To determlne the nature of the materlal which
N remalned at the origin of electrophore31s follow1ng
\\\\_;/ dman degradatlon the PITG sample was sub;ected,gg/three.
dlmen31onal analysxs as descrlbed in the prev%gus sectlon.'.l

" In the 1ef‘t hand panel of flgure 38 the@toradlogram of

i~ o v
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Flgure 38, Edman degradatlon of 32 P-labelled Indlana

1o

f -

Qhosnhodlpagtldes

In the rlght ‘hand panel is shown the
autoradlograph of the paper. electropherogranms
of  3%p-iabelled: Indiana phosphodlpeptldes.‘
Radipactive osphodlpeptldes 1dent1f1ed 1n
figure 36' re eluted with ddH,0 and then

Aconcentrated by lyophilization, The dlpebtides
were reacted with Edman reagent and then ]
analysed by hlgh voltage paper electrophoreszs Y

\(OR), point of sample application;-

all as described in Materials and Meth
).

radioactive phosphoserlne eluted from flgufe
363 (CNT), radloactlve dlneptldes treated with

-all reactants except Edman reagent; (PITC)-.‘Hg

dlpepuldes reacted with phenyllsothloCJanate:
(Pi) inorganic. phosphate.

* \In the left hand panel is shgwn the B
N

autoradlograph of a three- dlmen51onal peptide .
analysis. The sample indicated as PITC in
thelfight?hand _panel was spotted onto a piece
of cellulose thin layer (+ marks the p01nt of
application) and then sub;ected to three
dlmen51onal analy31s as described in flgure 3?
- (Pr)," phosphothreonines (PS) rhosphoserine;
(P1) 1norganlc phosphate.
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the three dimensional analysis is presented Comparison
.of thls figure W1th figure 3? reveals that no addltlonal
spots other than those prev1ously attrlbuted‘to
phosphodlpeptldes are’ generated follow1ng Edmnan degradatlon.

- This finding.is con31stent with the idea (see ection 2,6)
“that the mater1a1 present at the orlgln follow1ng dman
degradation represents phosphodlpeptldes whlch did not

undergo coupllng under the conditions of this analysis,

3, Protein Klnase Act1v1tx Assoc1ated with NS Protein
3 1 Characterlzatlon.of Nonospec1fic Antlsera

Slnce the actlvity of NS proteln is regulated by

nnasphorylatlon (see Introductlon. sectlon ?b) it seemed
p0331ble that the klnase responsible mlght be tightly . “—

comnlexed to its viral phospho oprotein. substraue. IL-- o

therefore trled to 1solate the NS kinase by
1mmunoprec1p1tatlon of proteln complexes from 1nfected
cells and v1r10ns. To this end monospec1f1c antlsera
were prepared against purlfled denatured viral protelns
as descrlbed in Materials and Methods. The putatlve _
monospeczflc antlbodles were tested for crossreactiv1ty

by 1mmunoprec1p1tation of pure or mlxed antzgen preparatlons.

;H and NS protelns labelled 1n v1vo wlth 35S-methlonlne, were |

resolved_on SDS polyacrylamlde gels and then separat 1y

the elutlon technlque described in Materlals ﬁ

purlfled us'

and In flgure 39 it can be seen that gér\purlfled

e e e
v et i e
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Flgure 39. Spec1f1c1tv of rabblt antl-NS and antl-N ‘sera -

¢ . Sera’ collected from rabbits injected .
with Indiana N proteln or NS proteln which had
been purified fromﬁi;S-PAGE served as the
source of anti-N NQ or anti-NS (aNS) O

R respectlvely. -355-methlon1ne 1abe11ed\N an :
- - NS proteins were prepared and purlfled on
'SDS-PAGE as described in Materials and Methods

~1 . and the. approprlate‘annlkerum wag reacted w1th

. ‘the purlfled N proteln (N) or w1th a mlxture

' of purified N and purified NSrproteln‘(N + NS)

The resultlng prec1p1tate was analyeed on

. SDS-PAGE and autoradlography along w1th“
parker virs proteins . (1anes A and B), The

. SLtion of the viral protelns NS. N and M 15
1nd1cated ' :

L

-

NV
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N protein can be immunoprecipitated with’anti-N but not
anti-NS éerum. When a mixture of N and NS protein was
probed with antisera, only the hoﬁologous protein was
‘precipitated, (i.e, anti-NS precipitated only NS protein;
anti-N precipitated only N protein). In similar
experimenfs the anti-NS serum and anti-N serum showed -no
;eactivity %oward G or M proteins purified ffom acrylamide
gels, figures 40 and 41, .

Having shown that the antisera showed no
crossreactivity when challenged with denatured antigens;
I investigated the possible aggregation of‘viral préfeins
dissociated from purified virions in the foliowing '
experiment, Virions labelled wifh 35S-methionine were
disrupted with high salt solubilizer (HSS) and separated
_into soluble and RNP fractions by centrifugation on 40%
glycerol pads, The efficiency of fractionation is
demonstrated in figure 42 by the fact that only a trace
amount'of N protein is preseﬁt in the supernatant fractién
and only trace amcunts of the other proteins are'pfesent
in the pellet fraction, Treatment of the supernatant
fraction (diluted to 0,15 M NaCl) with anti-NS sérum
immunoprecipitated a complex containing L, NS, N and M
proteins while anti-N sefum co-precipitated N and M
proteins. The two sera thus appear to discriminate

between different protein aggregates in this mixture,
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Figure 40, Reactivity of monospecific antisera with
denatured viral proteins
358-;2;;ionine labelled Indiana
proteins NS, M, G and N were Separately
purified by SDS-PAGE as described in Materials
.and Methods and then individually reacted
with a putative monospecific antiserum., The
resulting immunoprécipitate was analysed on
SDS-PAGE and autoradiogiraphy. In this figure,
\ the antigen (Ag) and antibody (Ab) involved in
Tthe reaction are indicated at the bottom of
" each lane. Infected cell extracts labelled
with 35S-methidnine are included in the
outside lanes to verify the positions of the
purified proteins, ' '

-



. .\*
Sanpdiiiniy




Wy

e T

Figure 41,
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Reactivity of monosvecific antisera with
denatured viral proteins

' . 35S-me1:hionine labelled Indiana
proteins NS, M, G and N were separately
purffied by SDS-PAGE as described in Materiais
and \Methods and then individually reacted with
a putative monospecific antiserum. The
resulting immunoprécipitate was analysed on
SDS-PAGE and autoradiogravhy. In this figure,
the antigen (Ag) and antibody (Ab) involved
in the reactiof are indicated at the bottom
of each lane., Infected cell extracts
labelled with 35S—methionine are included in

‘the outéide lanes to' verify the positigns of -

the purified proteins,

J

.
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I E.u*;é to deplete N protein frow *he high salt
SOlublllZEd supernatant by treauwenu with anti-N serum
and removal of the immunoprecipitate, This approach was
ansuccessful as clearly reprecipitation of the sune"natant
with anti-NS yielded the same assenblage of proteins :
(figure 42, aN + aNsS).

I next used the sera to examine the natural
aggregates of viral proteins present in the infected ~
cell cytoplasm. As can be seen in figure 43 monospecific
anti-NS®serun immunoprecipitates a conplex composed of n.
NS and N proteins from 1nfected cell extracts, Since in
‘ these experlments no attempt was made to separate
.Seems 11kely that the immunoprecipitated complex represents
NS nrotexn'bound to ribonucleoprotein (RNP) structures.
Anti-N serum also precipitates a protein assemblage which
can be distinguished from that precipitated by anti-us
in that anti-N derum co~precipitates M protein and other
unidentified proteins from the unfractionated L cell
- extract. In these and all other experiments neither
immune serum treatment of uninfected- cells nor non-lmmune

-

serum treatment of infected cells immunoprec1p1tated
35S-methlomne labelled material or significant kinase
activity, (see figures 44 and 47),

Hsu‘gg al., (1979) have suggested %hat approximately
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Figure 42, Ahtibody precipitation of disrupted VSV virions

Purified virions labelled dur1ng~growth
35S-me‘c}uorum:.- were disrupted with high. salt
solubilizer (HSS) and fractionated by
centrifugation on a Lo% pad into the
supernatant and rlbonucleoproteln fractlons.
The labelled proteins in each fraction,

(HSS SUP) and (HSS RNP) respectively, were
“analysed on SDS-PAGE. The" supernatant fraction‘
“was diluted to 0.15 M NaCl and reacted with
. either anti-N (aN) or anti-ns (aNS) serum and
the precipitate analysed on SDS- PAGE, The
material remalnlng.after removal of the anti-N
precipitate was tested first with protein
A-sepharose beads‘and then the soluble material
treated with anti-NS serum, The resulting
precipitate was examined on SDS-PAGE
(aN + aNs), »- . . c

v
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. Figure 43, Antibody treatment o< 3SS-I:N.e't}'l:t.om.ne 1abelled///
infected cell extracts
An Indiana infected cell monolayer was
‘labelled w1th 35S—methlon1ne four hours post
infection and then lysed for immunoprecipitation
as described in Materials afid\Methods,
%onospeclflc antlsera were then used.to
‘Immunoprecipitate the extracts all as described
. in Materials and Methods. (INF CELL), infected
cell extract; (aNS). anti-NS immunoprecipitate;
(&N), anti-N 1mmunoprec1n1tate

<>



X r
INF 3aNS 3N
CELL - ,
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Figure 44, Antibody treatment of 3SS—meth;ggine labelled .
D infected and uninfected L cells
Anti-NS and anti-N sera raised against
‘gel purified wviral proteins were reacted with.
35S -methionine labefled infected or uninfected °
" L cell extracts as described in Materials and
Methods. The iﬁmunoprecipitates were then
analysed on SDS-PAGE containing 0,13% bis
methylene acrylamide,
(inf aN), 35S-methionine labelled infected
L cell extract reacted with antl-N serum,
(mock aN), 35S-methlom.ne labelled'unlnfected
L cell extract reacted with antl-N serum,
(inf aNs}, 358-methlon1ne labelled infected
L cell extract reacted with anti-NS .serum.
(mock aNs), 35S-methlonlne labelled -uninfected
'L cell extract reacted with anti-NS serum,
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75% of all NS protein synthesized during infection

- remains in a soluble cytoplasmic protein pool and no*

in nucleocapsid structures, To investigate the association
of NS with other proteins in differenp cellular fractions
two separate ant}gen Sources were prepared, Infecued cell
extracts prepared in STH as described in Materials and
Methods were layered over a 40% glycerol pad,(in STH) and
Separated into.the supernatant {material on top of the
pad) andlthe pellet or RNP fragtion., As seen in figure
45 voth fractions contain NS\:ﬁ and M proteln although
the ratio of N to q§ is greater in the RNP than the SUP
fraction. The material in each fractloa_was reacted
with anti-NS serum., As can be seen,lg figure 46, (lane 4)
anti-NS serum imﬂ;;;precipitates a cgﬁglex from the
supernatant extract which dif%ers in its N/Ws.ratio from
complexes 1mmunopreC1p1tated from the RNP fractlon,
(éane B). The RNP 1mmunopre01p1tates contain a high

N:NS ratio characterlstlc of RNZ, (Emerson an& Yu, 1975;
Hsu et al., 1979) whlle immunoprétipitation of the
supernatant fractlon‘ylelds complexes with a NiNS ratio

approaching one, consistent with the idea that these

are not nucleocapsid structures, f%ﬁga; been my repeated

‘flndlng 1n these and susequent experiments that NS protein
cannot be 1mmunopreclp1tated from cytoplasmlc extracts

completely free of materlal mlgratlng with N prctgin.
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Figure 45, Fractionation of infected cell cvtoplasmic
extracts )

-

VSV-infected L cells labelled with
' 35S—methionine or 32P-orthophosphate were
disrupted by homogemization in STM buffer and
the cytoplasmic material fractionated by
centrifugation on a 40% glycerol pad all as
described in Methods. (SUP), the.35S or
3 P-labelled material which remains on top of
he.40% glycerol pad; (RNP), the 353 or
P-labelled material which pellets through
the 40% glycerol pad. ’

-

<&
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Figure-hé. Immunovrecipitates from supernatant and pellet

;é\_.

fractions of infected cells and their

associated protein kinase activity

The 35S-methionine latelled supernatant

+ and pellet (RNP) fractions recovered from the

experiment shown in figure 45 were antibody
précipitated and then tested for kinase
activity as described in Materials and Methods,
(), 358-1abe11éd supernatant fraction reacted
with anti-NS, (B), 2 S-labelled RNP fraction
reacted with anti-NS; (C), the
immunoprecipitate shown in lane A incubated
with 32P-X-ATP; (D), the immunoprecipitate .
shown in lane B incubated with 32P-35ATP.
Lanes C and D were exposed through cardboard
to eliminate exposure due to 35 decay.






J.2 Kinase Activity Associated with Immunovrecipitates

of Infected Cells

As demonstrated in the preceding section (3.1)

anti-NS and anti-N serum imminoprecipitate complexes

from unfractionated infected cells which contain both
NS and N protein (see figures 43 and 44).
Immunoprecipitates of this type were-breﬁared from
unlabelled cells and assayed for kinase activity by

1ncubatlon with 32? X ATP ag desceribed in Materials and

Methods. The reaction products were then analysed by.

 SDS-PAGE with 0.26% bis in the resolving gel, Under

these gel conditions NS migrates slightly faster than

N protein. Figufe 47 is a presentation of the
autoradiogram of this gel and clearly kinase activity is
associated with both anti-N and anti-NS immunepfecipitates.
On the other hand, antl-N.or antl—NS treatment of mock
“infected cells did not pre01p1tate significant klnase
activity. Furthermore, m1x1ng of a non-v1ral'ant1gen
antibody complex (rabbit Ig goat anti-rabbit Ig) with

unlnfected cells did not conre01p1tate kinase activity,

The following experiment wag d951gned to determlne if

the protein klnase activity was assoc1ated with soluble NS:N

complexes as well as nucleocapsid structures. 355-methlon1ne
kg

labelled NS proteln, elther free or bound to nucleocap31ds.

was prepared as.outllned in the legend,to figure 46. One
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Kinase activity associated with anti-KS and
anti-N immunovreeipitates

The monospecific antisera, anti-N and
anti-NS were reacted with cytoplasmic extracts

‘from unfractionated Indiana infected L cells,

The resultant immunoprecipitates were
incubated with 32P-XLN¥P as described in
Materials and Methods and then énalysed on
SDS-PAGE containing 0,26%. bis methylene,
Under these gel coﬁditions NS runs below

N protein as shown indthe outside marker lane
(353
(m,aN), mock infected L cells reacted with
anti-N serum and then incubated with 32P-X—ATP;
(i,2N), infected L cells reacted with anti-N
serum and then incubated with 3z P-J-ATP;
(m,aNS). mock infected L cells reacted with
anti-NS ‘serum. and then incubated with

32P ¥-ATP; (1, aNS), infected L cells reacted
with anti-NS serum and then 1ncubated with
3ZP-BT-ATP- Jm,AgAb), mock infected L cells

.

‘reacted with non immune rabbit 1mmunoglobu11n.

goat anti-rabbit immunoglobulin, and then
incubated with 32p-3LATp_

-methionine labelled infected cell extract),
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‘half of each imMunoprecipitate was resushended in sample
buffer, while the remainder was incubated witﬁ 32P1X-AfP
as descrived in Yaterials and “ethods, All four sampleé
were analysed by SDS gel elnctronhoresis and
autoradlography(flgure 46) under cond;tlons which allowed
me to identify 32 P-labelled material in the presence of -
35S-methlom.n\=.= labelled material, ClearTy, protein

kinase act1v1ty is associated w1th both forms of NS protein
(free and RNP bound), Aliquots of ﬁ%ese dually labelled
samples were also analysed by electrophoresis 6ﬁ a -
0.26% bis gel and autoradiograpﬁy under conditions which ~
did not discriminate between 32P-la_‘belled and:3§S—labélled
material, (figure 48). 1In this analysis the heavy chain
of iﬁgunoglobulin (HC, identifigd‘by Coomassie_blue |
staining) runs slower than N protein_and clearly is not

phosphorylated in this assay.
3.3 Kinase Activity Phosphorylates NS at Serine Residues

The material which became labelled with 32p-) -p7p
and comigrated with NS protein was eluted from the gel and
acid hydrolysed as\described‘ih Materials and'Méthodé.'
The hydrolysate was then ‘spotted onto Whatman 1 MM paper
and analysed at either pH 1.9 or pH 3.5 to assure
separatlon of phosphoserlne, phosphothreonlne and 0
: phosPhotyr051ne At PH 3.5, cold phosphotyr051ne is

 separable from the other marker phosphorylated amino acids,
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Products of in vitro kinase reaction analysed

on a 0,26% bis acrylamide gel

- The kinase reaction products described
in figure 46 were analysed by SDS-PAGE in gels
containing 0.26% bis acrylamide, Under these
gel conditions NS runs below N protein,
Autoradiography was perfofmed by directly
placiﬁg the X-ray film against the dried, gel
and as a result the J-S-methionine labelied

N protein is detected in the rnp lane. In
this particular analysis non-equivalent
amounts of rnp and Sup sample were applied to
the gel, . (rnp), 35S.--:ru=:thionine labelled

anti-N& immunoprecipitate from the high speed
ribonucleoprotein fraction after incubation °
with 32P-J7ATP; (sup)..35S-mEthionine

labelled anti-NS immunoprecipitate from the

high speed supernatant after. 1ncubatlon with -
32p-Y-ar>,
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and as seen in figure 49 there is no 32P-1abel associated
with phosph otyrosine. To achieve good ‘'separation of
phosphoth§;§n1n£ and phosphoserlne the hydrolysate was
rerun at pH 1,9, It is eyldent from this analysis that
only serine \{s labelled during these in vitro kinase
assags: . - T

3.4 Phosphate Does Not Cycle Off in Immunoprecipitates-

S

The following expéplment was de51gned to determine
if the sites phosphorylated 1n vitro by the NS associated -
klnase could also ?ﬁ dephosphorylated in vitro., That is,
could cycling on and off of phosphate moieties be detected
in these anti- NS:NS immgnoprecipitates. Tﬁis may occur
by one of two mechanisms; (1)_the'kinase could affect
dephosphqrylétion as has been observed with the reversible
autophosphorylation of cAMP dependent protein kinaselfrom
bofiné cardiac muscle (Rubin and Rosen, 1975) (2) a phosphatase
may be coprecipitated with the kinase and Ab:Ag complex.. A

‘ Essentlally an anti-NS 1mmunoprec1p1tate from an
infected cell extract was 1nc&bated with 32P-J—ATP as
descrlbed in Materlals and Methods. After ten mlnutes
of .incubation at 32°C the beads were pelleted and then
resuspended in cold protein kinase buffer lacking ATP,
repelleted épd then split iﬁto two fracfions; One aliquot
was immediately boiled in SDS sample buffep‘fo eliminate

any further enzyme activity while the other was again

Y
v



Figure 49,. Identification of_the amino acid vhosvhorylated
in the vrotein ki¥se assay of anti-NS
immunoprecipitate _ _

. The 32p-1abelled tands comigrating with
the NS protein in figure 46 were eluted from

. the gel and acid hydrolysed as deséribed in

Materials and Methods, THe hydrolysate was

then spotted onto Whatman 1 MM paper and

subjected to elecfgzphoresis either at pH 1.9 or

.PH 3.5 for 1 hour at 2000 Volts. The S2p-°

labelled material was detected by |

autoradiography and the cold phosphoamine

acid markers were visualized by ninhydrin

staining.
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incubated for 20 minutes at 32°C with kinase buffer

containing unlabelled ATP, The reaction was terminated

S

as described above and both samples were analysed by

SDS-PAGE, 1In figure 50 it 1s evident that radioactive

& s

phosphates added in git;g_tgﬁth NS associated kinase o
cannot be &hasedlunder the coqﬁﬁglons of this assay,
Although there appears to be a slight dlfference in
1nten51ty between the two Jands when they were directly
excised from the gel and counted there was an insignificant
dszerence between the two (315 ﬁgm for pulse; 295 cpm for

chase).

3¢5 Kinase Activity of Immunoprecipitates_from HSS-treated

VSV Virions and Cytoplasmic Extracts

ig g;t;g transcription extracts,‘dependent'upon
protein kinase activity, have been derived from disrupted
vsSv virioﬁs (Watanabe et‘al., 1974; Witt and Summe*s; 1980},
I therefore sought to determine 1f there is an association
between virion NS and proteln klnase act1v1ty. The
experiments outlined in section 3,2 were essentially
repeated, except that the antlgen source was HSS ’ .
supernatantQTfrom dlsrupted v1rlons; The anti-NS
immunoprecipitate identified in flgure 42 was incubated
with 32P-X-ATP and then analysed by SDS-gel electrophqresis
as shown in figure 51, ‘ |

In this and subsequent experiments, it appears

>
»

A

€2,



- 1lbg

Figure 507 In vitro pulse-chase experiments with 32P-Z-ATP

An anti-NS immunoprecipitate of an
unfractionated infected cell extract: was
prepared as described in Materials and Methods,
The immunoprecipitate was washed repeatedly
with RIPA buffer and then protein kinase '
buffer before incubation with J2P-¥-ATP as
described in the preceding figures. Following
a pulse period of ten minutes at 32°C the
immunoprecipitate was again COllected.by
centrifuk;tion and washed with cold protein
kinase buffer lacking ATP, The sample was
then divided in half, one aliquot boiled in

(;:mple buffer and the other chased in protein
inase buffer containing cold ATP for twenty
‘minutes, The samples were then analysed by
SDS-PAGE (0.13% bis). (°2P), 2p-1aveiled
infected L cell extract; (aNS), anti-NS
immunoprecipitate pulsed with 32P-BLATP;
(aNS + ATP) anti—NS\immunoprecipitate pulsed
with 2P-Y-ATP and chased with unlabelled ATP;
- (3585, 32\8-methionine labelled infected L cell
extract.,. | . .

’
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as if HSS treatment of protein extracts results in
altered kinase specificity, It is evident in figure 51
that not enly is there phosphorylation of KNS protein,
but as well phosphorylation of material comigrating
with the heavy chain of immunoglobulin,

Clinton et al.,, (1982), have demonstrated that the
endogenous sarc protein of BHK cells is incorporated
into mature virions. I have repeated this finding using
anti-sarc serum (gift of Dr. P, Branton) to immunoprecipitate
the HSS superna%ant derived from virus grown in L cells
(figure 51, lane C). Clearly, there is phosphorylation
in these immunoprecipitates of anti-sarc heavy chain
(identified by Coomassie blue staining) providing
' evldence for the Presence of sarc proteln in VSV v1r10ns
Further experiments suggest a possible association between
sarc and NS protein, Protein'complexes immunopfecipitated
with anti-NS were washed and incubated with anti-sarc
serum, After further washmg with RIPA buffer J2p-§-arp
was added under standard proteln kinase assay conditions,
Since sarc act1v1ty is assayed by’ the ability of this
kinase to phosphorylate heavy chain of its own specific
_1mmunoglobu11n (Cllnton et al., 1982), I was looking
for 1ncreased phosphorylation of heavy chain in prec1p1tates
treated with both antisera (i.e. anti-NS and anti-sarc)

as compared to antl-NS,treatment alone, In figure 51

-
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Figure 51. Protein kinase activity identified in anti-NS
immunoprecipitate of virion proteins having
sarc~-type activity

.-Proteins precipitated by anti-NS serum
from the supernatant fraction of HSS
dissociated virions, as shown in figure 42
were incubated with 32P-J¥NTP as described in
Materials and Methods were analysed on
SDS~PAGE containing 0,26% methylene

_bisacrylamide. At this concentration of
crésslinker the NS protein migrates faster
‘than immunoglobulin heavy chain (HC) as -
indicated. (A), anti-NS immunoprecipitate
incubated with J2P-Y-ATP; (B), anti-NS
immuri kPitate washed with RIPA buffer,
reactdd with anti-sarc antibody, washed
. again with—RTPA and then incubated with
| 32P-X-ATP; (C)y the HSS supernatant reacted
with anti-sarec and’ then incubated with
32p-Y-ar>,

N
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it can be seen that this was in fact my finding (compéﬁg
lanes A and 3),

" To see:if this phenomenon was restricted to HSS
extracts derived from vir;ons, I repeated the Hﬁs treatment
on cytoplasmic extfacts of infected cells, 3SS-mé’chJ'.onine
labelled supernatants derived from the experiment describéd
in figure 46, were mixed with an equal volume of 2 x HSS,
iﬁcubated for one hour at 5°C and then subjected to
centrifugation at 125,000 x'g for 120 minutes on a _

40% glycerol pad, The material remaining on top of the

pad was diluted to 0.15 M NaCl and-then‘treated.with antisera
as indicated in figure 52. The antl—N serum did not pull
down detectable NS proteln and therefore served as a useful
control in thf following kinase experiments, Replicates

of the samples shown in figure 52 were either directly

- incubated with 32P- -

P or reacted with anti-sarc serum,
washed and then incubated with 32p. Y<ATP. As was the
case with HSS disrupte virions, anti-NS serum precipitates
from HSS treated o] oplasmlc extracts contained a kinase
activity whlch labels both heavy chain and NS protein
figure 53, Addltlonallx'there appears to be an association
-of sarec activity with tﬁese precipitates as indiéated by |
increased phosphorylatlon of heavy chain in lane C.,- The
anti-N serum preclpltates similar amounts of 35S-methlon1ne

labelleg immune complex as anti-NS serum (figure 52) yet

. n



’
i

“\' —

153 A

e

- .

‘Figure‘52. Antibody preciBitates of HSS freated infected

cell extracts

The supernatant fraction from figure 46
was incubated with HSS and subjected to
centrifugation on a gi&cerol pad as described
in Materials and Methods. The material which
remained on top of the glycerol rad was made

0.15 M NaCl by dilution with ddH20 and then

reacted with antisera. (aNS), HSS
supernatant reacted with anti-NS serfum; (aN),
HSS supernatant reacted with anti=N serum;

(aM) HSS supernatant.reacted with anti-M, Q
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shows insignificant phosphorylatipn of heavy chain in
either singly or doubly treated precipitates (figure 53;
lanes D and E). This result is consisfent with the
notion that the association of sare protein with anti-NS _
immunoprecipitates is not merely.fortuitous entrapment}
«0f sarc activity but may be functionally significant,
Anti-M serum (pgepared in identical fashion as the N
and NS sera) also pulls down/;inase activity which
phosphorylates M protein. An association of sare with
anti-M‘ﬁfecipitates is suggested by increased labelling

of heavy chain after anti-sarc treatment of washed

anti-M immunoprecipitates (figure 53, lanes F and G).

t
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Figure 53, Kinase activity assoc1ated with

immunovrecipitates of HSS treated 1nfected
cell extracts

Immunoprecipitates identical to those |
shown in figure 50 were either incubated
directly with 32P-5’—A‘I‘P or treated with anti-
sarc, washed and thdn incubated with 32P-X—ATP.
After completion of the protein mlnase assay
the samples were analysed by SDS-PAGE
(0.23% crosslinker) and autoradiography.

(a), 7>S-methionine labelled infected cell
extract; (b), anti-NS immunoprecipitate from
figure 50 incubated with 32P-Y-ATP; (c),
anti-NS immunoprecipitate treated with
anti-sarc 1mmunopreczp1tate frém figure 50
. incubated with S°P-Y-ATP; (d), anti-N
immunoprecipitate incubated with 32P-X'-ATP;
{fe)y—anti-N immunoprecipitate treated with
anti-sarc and incubated with -°p- 3LNTP;
‘(f), anti-M immunoprecipitate incubated with
P-ZLATP; (g), anti-M immunoprecipitate
treated with anti-sarc and incubated with
32p_y-aTp.
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DISCUSSION

The discussion of the work descrlbed here falls
1nto three sections, The first section deals with the
multiple forms of NS protein present in Piry infected i
cells, The individual characterisf;cs of each specieé
have been summarized and compared to tﬁe_multiple NS
forms reported in other VSV serotypeé; The second section
,dealé with structural studies carried out on Indiana NS
protein and ig particular how these findings relate to
the prediczed‘amino acid seguence of G&llione et al,, -
(1981), In th® final section the specificity of
monospecificjantibodies and the kinases they precipitate

will be discussed,

1, Multiple NS Species in Piry Infected Cells

The first section of-this work clearly demonstrates
the'g;istence of multiple NS forms in Piry infécted_cells
and v;rioné.

NS appears to be the predomlnant species in 1nfected
" cells and virions (flgures 1 and 3), NS ;s 2 metabollc '
precursor to NS is found at hlghest concentratlons in the
1nfected cell and 13 apparently absent or a minor component
of the virlon (flgure 1),

Xp is probably a thlrd member of the Plry NS family,

-156-
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Three lines of evidence supnort this idea; (1) Xp can

e detected in infected but not ininfected >?p-labelled
cells (figure 8); (2) Xp is present in mature sucrose
gradient purified &irions (figure 9); (3) the fragmeg%
pattern resulting.from partial NCS cleavage of 32P-1abe1£23// _
‘material closely resembles that of 32P-labelled NS proté'
(figure 10), Furthermore DeTlna. (1980) has dezm:;ns‘l:ra’c:esz(!\-l,-fJ

that 32 P-labelled Xp is coprec1p1tated with NS from

6;::i::7 infected cell extracts using Plry antl-NS serum (this . [:j
serum was prepared in parallel with the monosbeéific L

Indiana anti-NS serum), ,

The two species NSi and NSv apﬁear tTo be related .
by a post-translational mechgpism whigh causes an apparenf
increase in the molecular weiéﬁt of'NS (figure 4)1\\
is not evident from this work how Xp mlght fit into the
.NS maturation scheme. Although it i% possible to deduce
a definite relatlonshlp between NS- and NS using short
pulses of 35S—meth10n1ne (flgure 3) the comlgratlon of
N protein and Xp (figure 8) makes it difficult to
determine if Xp is a precursor or a product.

Multlple NS specles resolvable by SDS-PAGE have
‘been identified in other rhabdovirus systems, Lesnaw et al,
(1979) have identified two NS species in New Jersey

infected cells. The ma;or spec1es ‘has a 1ower electrophoretlc

moblllty than N protein while a second NS protein
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(designated as X by these authors) comigrates with N
protein on SDS-PAGE. As in tiécase of Piry Xp ‘the.

- New Jersey X protein was demonstrated to be related

to the maJor NS species by partial cleavage mapplng of
32 P-labelled material. Furthermore, analogous to Piry
-5

Xp the New Jersey X protein can be a component of the

mature virion. Under particular gel conditions the

' New Jersey X protein can be resolved away from N protein

and therefore‘Lesnaw et al., (19?9) were able to-detefmine
the relatlve amount of radioactive phosphate present in
both X and NS pro®eins, Their findings suggest that
either X is more heavily phosphorylated than NS or that

it is derived ffom“NS.protein by proteolytic cleavage,
Either one of these poasibilitiee could also explainfthe
presence of Xp in Piry infected cell extracts,

- " Clinton gz'g;., (1978 and 1972) demonstrated the
existence of two NS forms in cells iﬁfected by the San Juan
straln of Indlana v1rus. These two speoles dlffered in
thelr degree of phosphorylatlon by approxlquely 10% and
could be interconverted in vitro presumably by the action
of kinases and phosphatases.{ This finding and others fﬂxﬁp
(Kingsford and.Emerson. 1980) suggested to ﬁé that Piry
NS; \and NS__may-differ qu tltatlvely in their extént of -
phosphorylation, The results of the theophylllne

experiments do not‘support this hypothe51s (figure 11),
e
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Despite-extensive inhibition of kinase activity in infected
cells -at higher theophylllne/concentrat1ons the *elatlve
.ratlo of 35S-methlon:me labelled VS to NS remained the
Same. As mentloned in the Results, cordycepin had the
-identical effect at corresponding drug concenuratlons.
These experiments suggest that NS and NS may not dlffer
iquantltatlvely in terms of phosphorylatlon.

There may ex1st however, qualltatlve Phosphorylation
dlfferences between the two NS spec1es . That is, if
phosphorylatlon affects the conformatlon of NS troteiﬂ
as soge(;hthors have suggested (Hsu et al., 1982; Slnacore
and Lucas-Lenard, 1982) then changes in. secondary structure
due to dlf;erent sites of phosphorylatlon may be

reflected in the moblllty difference between NS and.ﬁSQ.

1.1 Isoelectrlc Focussing of Plrv NS . _

| The results of isoelectric focuss1ng (IEF)

(figure 16) and nonequilibrium pH gradient electrophoresis
(NEPHGE) (figure 18) neither support nor refute the
p0551b111ty that NS and NS dlffer quantltatlvely in Their
- extent of phosphorylation, Alfthough the two species L
showegano moblllty differences in NEPgG consistent with
the ideattkg they do not differ in net. overall charge,

thig may sim ly reflect the inability of the employed

system to resolve single charge differences at very ’

| .y

low "PH values.
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The results of conventional IEF and NEPHGE both
suggest that Piry NS is a very acidic protein. I have
calculated the the;;g¥fba;,350electrlc point of NS Droteln

qu1ng the primary sequence data for the San Juan strain

of Indiana virus (Gallione et al., 1981 and see Appendix III),
A PH value of 4 26 was determlned to be the isoelectric

point of fully denatured, unphosphorylated NS protein

and post-translational addition of phosphq;e groups would
lower this value further. Although direct comparisons
~between Piry and Indiana NS proteins'eannot be made since _ .
thelr primary sequences undoubtedly differ, (compare trypti—“\\
maps flgures 2 and 29; NCS maps figures 10 and 25) the
isoelectric ‘point prediction for phosphorylated Piry NS

of approximately pH 3 (figure 18) is not 1ncon81stent with

the theoretlcal calculatlon presented above,

On the other hand, Maack and Penhoet {1980) found
New Jereey NS protein to focus between pH 4.0 and 5.0 in
confenti&ﬁ!i IEF sSystems,. Hsu and Kingsbury (1980)
originally reported.thét Indiana NS resolfes between pH 4 0
_gnd 5.0 however have recently observed wlth a new lot of
amphollnes NS protein focussing between pH 6.8 and 7,2,

The range in pI values reported fer Piry, Indiana
and New‘Jersey NS proteins may in part reflect pPrimary .
sequence differences between the -three streins;' A similar

- polymorphism in pI values for non-structural protein 1 (NS1)

%
o
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hasrbeen reported for several strains of;iﬂflﬁenza A virus
(Petri et al., 1982), Other factors which may affect the
~experimental determination of the pI of NS protein include
ananolous binding of NS protein to ampholiﬁes from -
different sources as suggested by Hsu and Kingsbury (1982)
or ;pcomplete'dénaturation of NS protein preventing
participation of all charged groups ir the determination

of the protein's overall iscelectric point,

1.2 Lack 6f Detectable Comnartmenta;léétion of ?ir&
. NS _Protein |
The two NS species identified by Clinton et al.,

(1978 and 1979) differed not only in their degree of
phosphorylatlon but also in their T;ﬁllty Yo bind to .
rlbonucleoproteln cores from' 1nfected cells., They found
that the more heavily phosphorylated NS species\Were
incapable of binding to RNP cores, . fn-the experimegts‘
reported here with Piry virus NSi and NSV appear to 5e
capable of binding to RNP cores isolated from cytoplasmic
extracts exactly as described By Clinton gg-gl., (1979)
(figure 1). In fact fractionation of whole infected

. cells on sucrose gradients did not reveal differential
compartmentalization of either species (figure 7),
suggesting thg&_the"structural difference between NS. and

) NSv is not reflected in their respectlve abllltles to

bind -to cellular or viral components.
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1.3 Possible Acetylation of Piry NS Protein
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The only post-traﬁélaﬁionar modification‘described‘
in the literature for NS protein has been phosnhorylatlon
(Sokol and Clark, 1973)., I was unable to discern any
phosphorylation differences‘%etween NS. and NS_ as
deﬁgzibed above and therefore investigated the Possibility
tﬁét previously undetected processing of NS protein may
occur. In particular, the possibility of acetylation.was
investigated. The finding that 3H-acetate can be |
incorporatéd in vitro into a band comigrating with Piry NS,
‘is'consiéteni with the idea of NS acetylation (figure 12),

‘Since only a very small-amount of labelled material could

be generated in this fashion it was not posé”%ié to prove

that the 3H-labelled proteln was in fact NS or that the

3H label was added by an acetylatlon pathway. Further .

. suggestive evidence that NS protein may be acetylated

| at least at the amino termlnns was provided by the f1nd1ng
that whole SDS~PAGE purified Indlana NS protein is
resistant to automated sequencing.

The conversioﬁ*of“NS‘ to NS ¢an be inhibited

'in vitro by the addltlon of an acetyl CoA scavenging

system (figure 14), This finding taken together with
-the above observation was suggestive that NS:.L and NSv
did differ in their acetylation status. However citrate,

an end product of the scavenging systém.can also prevent
. . h ]
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fﬁhe conversion 6f_NSi to NS + Therefore although it still
remains possible that NS and NS, differ by acetylauwon

an eaually likely DOSSlblllty is that c1trate as an end

<i\jroduct of the scavenging system is inhibiting some other
nzymatic patﬁhay which normally converts NSi to NSV.

-

2, Structural Analysis of,Indiana NS Protein 1

2.1 Does NS Protein Exist as a Dimer During SDS-PAGE?
As pointed out in the Introductioﬁ, the mobilify
"of NS on SDS polyacrylamide geis indicates that the protein
should have a molecular weight of 39-50K Daltons
o0 (Knipe et al., 1975).'.On the other hand, estimat baged
on the size of NS mRNA indicate that the final unprdcessed
product cannot exceed a molecular weight of 26K Daltons.

" Using dually 1abelléd NS, N and M proteins an
indepgndent estimate was derived for the actual molecular
weight of NS prétein synthesized in vitro. The value
of 20K Daltons (Table 1) is relatlvely close to the
actual size of NS proteln (25K Daltons; Gallione et al,
1981) but is 1ncbn31$tent with its mobility in the SDS-PAGE
system'employéd in this work (48-54K Daltons). .

L As recently suggested by Gallione,g;vg;.. (1981)
the discrepancy between the size of the NS mRNA and the
rrotein’s eiectrophoretic mq?ility may have arisen because
NS migrates as a dimer in SDS~PAGE, 1If this were the case

intermolecular bonds between NS monomers would_have to .

-
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Qg resistant to heat,‘SDS and reducing agents., Since the
polypeptide is also a phosphoprotein the possibility ;f

an intermolecular phosphodiester linkage was.investigated.
Snake venom phosphodiesterase'clearly had an effect on the
mobility of NS protein éonverting it to a specigf with an
apparent molecular weight of approximately 19, 5K Daltons
(figures 20 and 22), Unfortqpately this enzyme preparation
also removed from the*native_protein both its radicactive
tPphosphate groups and its 35S-labelled amino terminal

methionine residue, Furthermore different commercial

.

preparations of SVPD produced a variety of digestion products‘

(see figuré 21), These obsefﬁations considered as a whole
vrobably indicate that the effect of SVPD on NS protein is
medlated through a contamlnatlng protease. Still, it must
bg/noted that if thls is true, at least in the case of the
WOrthlngton eénzyme preparation, the protease appears to

show specificity toward NS protein,

Clearly these experiments do not answen the questign

of whether NS migrates as a dimer or monoier i SDS~PAGE,

- The reéults of NCS cleavage of end-labelled NS protein may

howefer resolve this issue, As shown in figure 25, cleavage

of end-labelled Indiana NS protein produces four labelled

F 4

fragments, This is exactly the number of fragments one );x\\

would expect to generate in an end-labelled monomer

containing three<cleavage sites (see Appendix II),

&
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Gallione et al,, (1981) predict from their nucleotide

sequence data that NS_ contains three tryptophan residues

which are the sites of cleavagé By NCS (see Appendix I),

If NS actually existed as a covalentiy brigged dimer then

partial cieavége should generate no fewer than seven end

labelled fragments, some of these migrating faster than

the predictéd-monomer molecular weight of 25K Daltons

(see Appendix II), I conclude then’%ﬁat a?g$élou;>mobf§%ty
~

of NS protein is not due to dimerization but rather iﬁ\_ﬂ/

probably due to a defici of SDS binding as suggested
by Gallione et al., (i981§. .

2.2 NS Phosphorylation Sites Are Preddminantl Found on

the Amino Terminal NCS_Fragment of NS Protein
N-chlorosuccinimide was used to generate partial

cleavage maps of three'éifferentially labelled preparations
of Indiana NS protein. Comparisﬁnfof the maps shown in
figure 25 revealedlthat_locations on‘the amino.terminal
side of all tryptophan sites re%resented the majority of
phosphorylated résidues in c¢ytoplasmic Indiana NS protein.
This\pétte:n of 1abeliing wds observed not only in
mouse L cells but also in NS protein produced and labelled
in KB cells (figureézf). Furthermore Piry NS gave a
similar pattern of labelling, that is only fragments which

contain the amino terminus were labelled with-BZP-orthophOSPhate

(figures 10 and 26).’ The consistent pattern of labelling

2 | | ‘,
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in two different host cells and'between"two different

serotypes suggests that this site of phosphorylation

" may be functionally significant %o NS protein,

Cytoplasmic NS was the only form used in these partial
cleavage experiments and may indicate that the sites
identified in this work are comparable to the primary
cluster of phosphorylation sites described by Hsu et a1.,
(1982) in cytoplasmic NS1,

The primary cluster describted by Hsu et al.,

fide sequence

(19%2) contained at least six phosphosefines and five

phosphothreonines, .Based on the:nuc
datd of Gallione et al., (1981) seven serine residu;s
and four threonine\residues are located on the amino
Terminal side of'?lg NS tryp@ophan sites. These data
suggest that by default the secondary cluster described

by Hsu et al., (1982) must be located on the carboxy

terminal 51de of the prlmary cluster,

2.3 A Large Tryptic Fragment is Phosnhorylated in NS Protein

Tryptic hydrolysis of >7S-methionine labelled
Indlana NS proteln generated three well defined tryptic

peptldes and one of these peptldes contalned the amlno

‘termlnal_methlonlne (flgures 19 and 29), Both of these

findings correspond exactly with the amino acid sequence
prediction for NS protein (Gallione et al,, 1981).
Parallel digestion of 32P-labelled NS protein produced

o~
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only a-“single labelled spot -with low mobility in thin

layer electrophoresis.(figure 30). A similar
was reported by Hsu et al., (1982) with Indiapa NS protein
while Maack.and Penhodt (1980) fesolved t ouzfyptic
phosphopeptides derived ffom New Jersey NS protein,

i At least some of the 32P;1abelied*tryptip digest
was-resolvable as a single large fragment by SDS-PAGE
(figure 31). As mentioned in The Results small tryptic
phosphoveptides w1th low mobility on %hin layer}
electrophoresis would probably not be detected on a SDS gel.

The large fragment was not labelléd with
35S—methionine and eppeared to _have an estimated molecular
weight of 5.5K Daltons. Examination of the nucleotide
sequence data of Gall*one et al., (1981) (see Appendix I)

reveals thqt Indiana AS. contains a large tryptic fragment

starting at Ser
- e
exists a lysine /at position fifty, trypsin probadly does

and ending at Lysllo. Although there

not cleave here since residue fifty-one is a proline
(Boger, 1971). T )
The trypfic‘peptide contains six serines, three
threonines, no mefhlonlnes and all the potentlal sites qf
phosphorylatlon in this fragment are located on the amino
termlnalﬁgide of all NS tryptophan‘;eeidues.

These%bservations considered as a whole suggest

that a majority of NS sites of phospliorylation are localized

in one large trypttic ;E‘ragment -
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2.4 Phosphodiveptide Analysis q? NS Protein

-

.The major labelled products of acid hydrolysed
32P-—1abe11ed NS protein include inorganic phosphate,

phosvhoserine, phosphothreonine and phosphopeptides

{figure 36). Clinton and Huang (1981) made similar
observations using 32P--labelled NS produced in BHK cells.
The phosphopeptides isolated under the conditions
of nydrolysis and purification described in Materiels and
Methods can be further subdivided into two groups by high
voltage pa;;r.electrophoresis at pH 1.9,
— The first grouplis vositively charged and m;grates . -
‘raﬁidly towatd the negative terminal ‘while theiﬁecond group -
is composed of neutral or poorly charged phosphopeptides _
which remain at the origin or smear slightly toward toe '
negatlve electrode (figure 36) . ) ij
~ THe second group of phosohopeptldes was 1dent1f1ed
in an acid hydrolysate of non-histone nuolear _
phosphoprotéins by Jones and Olson (1980). These authors,
demonstrated that this group was composed of a-heterogeneous (::\\
populatlon of phosphodipeptides all of the structure X-Ser(P)
or X-Thr(P) where the identity of X was varlableﬂ Therefore
simply by 1dent1fy1ng the X component of each |
phosphodlpeptlde these authors were able to perform nearest‘
neighbour analysis on the_SLtes of phosphorylation ln_

non-histone nu¢lear protein extracts,
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In this work results are presented which‘demonstrate
that thié technique can be. adapted to analyse the number
and potentlally the 51tes of phosnhorylatlon 1n proteins
detectable only by radiocactive isotope 1abelllng. A tThree
dimensional system of'analxsis (figure 37) has been
developed which permifs isolation and resolﬁtion of a
heferogeneous vopulation of phosphodipeptides ﬁith‘a
minimum amount of sample mangpulation, When three u(:j
dlmen51onal analyS1s was appﬁﬁed to NS Droteln produced
in either human KB-or mouse L ce;;s identical patterns
of phosphofylation were observed (figure 37).: _

Six unique Phbsphodipeptide spots were'ideﬁtified
in both preparations suggesting that cytoplasmlc NS is
Phosphorylated at a mlnlmum of six p031t10ns. Inspection
~of the amino acid sequence predlctlons for NS protein
(see Appendix I) revealed that there exists 11 potential
51tesqof phosphorylation located on the amino terminal
side of NS tryptophan residues hoyever two of these are
Lys-Ser and therefore the maximum*number of résolvable
unlque phosphodlpeptldes in a cytoplasmlc NS acid hydrolysate
should be ten. '

-

- Hsu and Kingsbury (1982) identified eleven unique .
sites of phosphorylation using chyﬁotryptic analysis df
cytoplasmic NS protein. Only six sites of phosphorylation
were‘idehtified in this.work suggesting that either; 

i
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(1) the three dimensional system empldyed is ﬁot-resolving
all of the unique phosphodipeptides present in NS or
(2)'differen$ degrees of labelling are being observed

in the 'f;wo studies,

The phosphodipeptide mips presented in figure 37
suggest tﬁét‘theré exists intermolecular variation in the
extent of phosphor&iation observed in the cytoplasmic
population of NS polypeptides. Hsu and Kingsbury (1982)

QX:f reported similar observatlons and suggested that the

| efficiency of phosphorylation or turnover of Hbosphate
moletles may  be varlabfb at different locatlons in the
native protein. | |

‘ The technique of phosphodipeptide.analysgé\vhen

<used in conjunction Qith primary sequence data can be a
very powerful tool for localizing sites df phOSphonxiiféon

within a protein, 5 | )
| At present the major limitations for using this
procedure with radioactive amounts of protein are that;

- (1) it is not possible to directly identify the X component
of the phosphodipeptide and (2) it is difficult to guarantee
that all unique dipeptides have been reéolved Both of
these problems could be overcome however if it were p0551b1e
to obtain a complete set of cold marker phosphodipeptldes.
One approach to this problem would be to purify

phosphodipeptides fromii—casein or other phosphoproteins



¥

A *171

_é N
which are available in gram quantities, using the protocol

deseribed in the Results section of this thesis. I believe
that a more direct and onequivocal method would be to
separately chemlcally synthesize each of uhe potentlal

phosphodlpeptldes and then use these as authentic marker

"dipeptides for analysis of radioactive acid hydrolysates,

3y Protein Kinase Associated with Viral Protein

Immunoprecipitates

3.1.Pre2arétion of Monospecific Antibodies T

The antlsera prepared byvlngectlon of rabbits with

J:gel purified viral antlgens appears to be monospecific at

least with respect to denatured viral proteins (figures 39,

40 and 41), Both anti-N and anti-NS serum appear to

.1mmunopreclp1tate protein complexes from 1nfected cell

extracts and disrupted virions, Interestlngly, “the sera

appear to discriminate between different types of protein '

complexes from these two sources. Iﬂ pérticuler, the

anti-N serum pulls down aggregates from dierupteo virions

which contain N and'M proteins while anti-NS coprecipitates

L, NS and small amounts of N and M proteins (figure 42),

On the otherHand the two sera when challenged with _
ﬁnfraotionated infected cell extracts pull down aggregates
which appear virtually identical except that anti-N
immﬁnoprecipitates contain small amounts of M and.anofher
unidentified‘protein‘(figure 43}, Finally,

e

-

R
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immdnoprecipitatich of high speed supernatants from
infected cell extracts demonstrated that anti-N pulle
down N-M-aggregates while anti-NS conrec1p1tates N-NS

complexes. (figure 52).

Based on the known activities of these variOus

proteins in vivo it 1s possible to speculate on the

functlonal 31gn1flcance of these assorted complexes. ~For o
instance, Newcomb and Brown (1;81) havg,demonstrated that g\;/_
M protein is respgnsible for mainfeiniﬁg viral dﬁcleocapsids,“

in the condensed form found in native virions probably

-

through=w-N 1nteract10ns. Therefore it may be that the M=N

+

eech other. ' o ' ' .
Anti-NS invariably immﬁﬁoprecipitqges both

NS protelns and 1n partlcular from high speed soluble

‘cytoplasmlc fractions (figures 46 and 52 ), Slmllarlly
.monoschlflc anti-NS serum produced by Imblum and Wagner Jf\k‘
.(1975) showed coprec1pr”’10n of N and NS protein fro

high speed soldﬁtedgytoplasmlc extract, In'lig%% of tﬁﬁ\
fact that NS‘can interact direct’y and specifically with

ribonucleoprotein (Isaac and Keene; 1982) it may_be tha

‘these soluble’ NS-N complexes represent intermediates in '
' the assembly of ridonucleoprotein complexes, S
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3.2 Coprecivitation of Kinase with Viral Proteins

_ The data presented in'the'Resuits_SectionA
demonstrates the.copfecipitation of NS protein and kinase
activity using monﬁspecific antiserum, Tﬁ% kinase activity
precipitated is associéted with NS either in thé soluble

or RNP bound form.

JIr-all experiments performed wif native protein
complexes (i.e, 0,15 M NaCl treatment )Y there is no
phosphorylation of Ig heavy'chain. In\contrast, HSS
treatment (0,72 M NaCl) of virus or cellular extracts
results in precipitation of a kinase which -ghosphorylates
- NS protein and Ig heavy chain. There may be several .
explanations for this‘phendﬁénon. After HSS treafmght,
as viral proteins reassociate at low salt concehtrations
(0.15 M NaCl), a nonspecific protein kinase may be trapped
and fortuitously immungprecipitated. AlthoughiI'cannot
fule oﬁt this possibility, it would be nécessar& to
postulate that the éontamiﬁating kinase cannot be
coprecipitated in anti-N protein complexes (figure 53).
Alternatively HSS treatment may in some fashipn alter the
prbtein kinase activity (e.g. irrevéréible removal of a
regulatory factor) and in this way broaden its spectrum
of substrates. . ‘
As shdwn'previodSly (ﬁlintbn-%£ gl., 1982) a
sarc activity can be-immuﬁoprebipitated from virions, |
__.-\_\\ )

AN
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I have further shows (figures 51 and 53) that sarc
activity_is'present.iﬁ anti#NS-NS protein complexes,
suggesting a p0551b1e assoc1atlon of sarc and NS protein,
A comparable act1v1ty is not coprec1p1tated with anti-N
serum, -

. Perhaps&Bf even more 51gn1f1cance is the finding -
that anti-M serum also coprec1p1tated sarc act1v1ty.
M protein has been identified as an endogenous substrate
for tyr031ne spec1f1c klnase so the suggested close
association of M.proteln with sarc may represent { real
functionaiﬁrelatlonshlp. Interestlngly, M proteln
coprecipitated by antlaN serum is not phosphorylated in
this 1n v1tro assay, whlch may imply that only a- specific
class of M protein is aSSOC1ated with' klnase activity.

The klnase copreC1p1tated in these experlmenus
appear to phosphorylate only serine re31dues in NS pfoteln
(figure 49) whlch sets it apart from the bulk of kinase
act1v1ty found 1n purlfled virions (Clinton and Huang, 19813+

,In very recent work Sinacore and Lucas-Lenard (1982)
suggest that the wvirion bound kinases of VSV are not . N
necessary for pr1marZ/Er;nsegiggigﬁgégrjﬁgggg and show that \%q}l(
‘dephosphorylated NS cannot Ee}?efctlvated by virion kinases, "
Hsu and Klngsbury (1982) demonstrated that the sites '
phosphorylated in vitro by the virion kinase are dlstlnct

from those modlfled in the 1nfected cell and also
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demonstrate that dephosphorylated.NS cannot be reactivated
by virion kinases. Thus the relevance of virioﬁ bound
kiﬁaseg;to the activity of NS protein is still open to
question, ' |
Similarily nohe of the experimqus described hene

prove that the kinase associated with NS in‘imﬁunoprecipitates
is relevant to the activity of .NS in vivo, However ﬁsing
the deﬁhosphorylat;on~systeﬁ developed by Hsulgg al., (1982)
and kinase(s) purified by immunop:ecipitation this question
wou appear fo be'resolvable. It these kinases should

ove relevant to NS prétein activity then immundprecipitation
of kinase substrate complexes may be a useful 1n1tia1 step
1n the 1dent1flcat10n and purlflcatlon of 1ntracellular

kinases involved in the viral 1nfect10u$ process,

SUMMARY _
In the course of carrying. out this work ovér the
_last few years I have on many bccasions read Pasteur's
| quote on the cover of Jourmal of Virology: "It is
characterigtic of.Science and Progress that they
con?inuall& open new fields to our vision”. I believe
that the observations reported here do in fact "open new
fields" to the vision of those interested in the study of
molecular biology of phggghgproteins_and in particular |

NS protein,
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For instance, this work is to my knowledge the
first reported attempt to physically map the sites of
phosphor&lation in NS protein. Furthermore. it clearly
demonstrates the applicability of the partial cleavage

_.mapping technique originally developed by Brown and
Prevec (1982) for localization of post-translafional-

-

protein modifications. -,

The observatlons of Hsu et al,, (1982) and those
iiﬁreported here - 1nd1cate that NS undergoes multisitd
phosphorylatlon. Are all of these post-tganslatlonal _
events relevant to the act1v1ty of NS protein? 1I- belleve
that wlth the cumulatlve data about NS phosphorylation
51tes (Galllone et al,, 1981 ‘Hsu et al., 1982; this the51s)
.oand currently avallable DNA reco;;:Eant technology 1t
should be - p0531ble to address this q estlon directly.
That is, it may be possible to prepare a cDNA clone of
the NS. gene for expression in mammalian_cells: " This
~clone could then be mutagenized‘;g vitro to selectively
-eliminate known pﬁosphoryiatioh Sites and fhen its
activity could be tested in reconstituted transcrlgtlonal

- .
or repllcatlon assays. : L T

The phosphodipeptide analysis (Jones and Olson,
1980) of'NS'protein_is again to my knowledge the -first
reported application of this technique to'a purified -

protein avaiiable'in amounts detectable oﬁly by’radioactive
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isotope labélling, The next logicel step in refining this
technique will be to develop a2 complete bank of marker
phosphodipeptides (e,g. froﬁ'phosphoprotein hydrolysates
or by chemical s&n#hesis). I believe that with a complete
set o: marker dipeptides this fechnique could become a
very powerful £361.for'the localization of phosphorylation :
sites especiallyewhere-there fs a limited amount ef'material
available for enalysis.

The studies with monospeeific antibody are informative
from two view points, Pirst of all they corroberate

previously established (e.g. NiNS) or postulated (e.g. N:NM)

- viral protein interactions and Eecondly suggest a2 new approach

toward the isolation of the-NS”proteih kinase by

immunoprecipitation of its substrate, In this respect it

~would also be worthwhlle to use the monospec1f1c sera to

investigate possible assoclatlons between viral proteins
and other cellular macromolecules {i.e. RNA or proteln)

A number of experiments presented here 1nd1rect1y

: \‘\\\J//geggest that as well as phosphorylatlon NS Rroteln may be

post—translatlonally acetylated Although further studles ]
w111 be requlred to either prove or disprove this contention
these f&gdlngs do Point out the nece581ty to test NS for
additional post-translational modlflcatlons. Thus although

NS is heav11y phosphorylaézg and its degree of phosphorylatlon
seems crltlcal to its. actlety, 1t may be that other less obv1ous'

modlflcatlons may be 1nv01ved in the regulation of NS act1v1ty.

2
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APPENDIX I

NH2 MET ASP_ASN_LEU THR LYS VALfARG GLU TYR LEU

TYR SER
GLU ALA

ARG LEU ASP GLN ALA VAL GLY GLU ILE ASP

GLN ARG ALA GLU LYS SER ASN TYR

GLU LEU

LY¥S SER

GLU TLE

PHE GLN

; —A
- GLU _ASP GLY VAL GLU GLU HIS THR LYS PRO

SER_TYR

PHE GIN

ALA AT.A

ASP ASP SER ASP THR _GLU SER GLY

PRO_GLU

ILE GLU

ASP ASN

GLN GLY LEU TYR ALA ALA GLN ASP PRO

GLU_ALA

GLU GLN

VAL GLU

GLY

PHE

VAL ASP

VAT

ASP ASP TYR

ALA ASP

VAL PHE THR

ILE GLN GLY PRO LEU

SER

ASP TRP LYS

GLU_GLU

GLU LEU
SER PRO
SER THR

LEU_ALA

GLU
GLU
ILE
GLU

SER
GLY
LYS
GYS

ASP
LEU

ALA
THR

GLU HIS GLY

SER GLY GLU

VAL VAL GLN.
PHE GLU ALA

LYS
GLN

SER

SER

THR LEU ARG
LYS SER GIN
ALA LYS TYR

GLN PRQ
LEU THR
TRP LEU
TRP_ASN

VAL ILE

MET 1YS
PRO . VAL

GLU
MET

ARG

ASN

GLN
THR

ILE THR PRO
HIS PRO/ PHE

ASP

PRO’

GLY GLU -GLY
VAL TYR IYS
ILE ARG SER

ARG GYS

GLN GLU

—

LEU
SER

VAL

LYS

SER

SER

LEU L)

ASP
SER ALA SER

ILE
HIS

TS ASP PHE
HIS ILE PHE

VAL THR
SER ILE
PRO THR
GLY COOH

Shown above is the complete amino acid sequence

for NS protein of Indiana virus, San Juan strain as

predicted from the nucleotide sequence data of Gallione-

et 51.; (1981),

The Three methlonlne/@ontalnlng tryptlc

- 178 -

..

.peptldes and the 1arge 1nterna1 tryptlc peptlde are
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I underlined, Although this large 1nE§§nal tryptic fragment
£ ‘
is depiqte in this figure as hav1ng & serine residue at%

its amino,terminus, there is an additional potential
Lo
internal trypsin sensitive site Lys=-Pro., As pointed out

in the discussign, cumulative evidence suggests that

-

trypsin rarely cleaves between Lys=Pro or Arg-Pro residues

Notice in the large tryptic fragmeﬁ% the
preponderence of acidic residues (Asp Glu) which" Galllone
kret al,, (1981) have suggested may influence the moblllty
‘Ff NS protein in SDS-PAGE.

Tryptophan re51dues, the site of chemical cleavage

by NCS are 1ndlcated by underllnlng w1th two strokes,

[ .

M tet i fws e el

iy



g

L

180
/
~
-
> APPENDIX 17T

MONOMER

™

1

T

¢ 0
79§ ¢ 990 2

T

The schematic diagrams presented above represent

two p0531ble models for the structure of NS proteln and

1ts partlal cleavage products. Only molecules which regain
thelr amino terminus ( QO ) are depicted, Sites of NCS
cleavage (i.e. tryptophan residues) are indicated by
vertical linee. |

Essentlally the argument is that if molecules are
1abe11ed only. at their amlno terminus (i. e. w1th N-formyl-
35S-methlcnlne) and then subaected to partial cleavage one

will detect by autoradiography only those fragments which
) ~ _ . ¢ .

-

B
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retain their amino termimus. Thus a monomer with three

L

cleavage sites will produce only four labelled products,

On the other hand a dimer formed by an intermolecular

bridge will generate greater than four products, In the

example presented here seven different labelled molecules

are depicted, however this is a minimum number. Ksﬂmgpy
as eleven partial fragments.all containing the amino
terminus may be generated from a dimer depending upon

where the crossiink ( )X ) is positioned. Furthermore

" the dimer model suggests fhat some of the labeiled

fragments should be less than the monomer in molecular.

weight, Clearly, the monomer model and not the dimer,

- -

model can satigfactorily explain the partial cleavage

data obtained for NS protein ®see figure 25),

—/
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APPENDIX III e

Theoretical Isoeléctric Point Determination of Indiana

NS Protein

To determine the theoretical isce ectric point
(pI) of Indiana NS protein I used the method of pI
determination developed by Harley (1979). This author
deduced that‘the net charge of a protein at any pH \\
could be-determined by using the equation for net
charge (N): '
N= - n(Ai)/(1+1o(PKa(Ai)’PH)) + n(ﬁj)/(1+1o(PH'PKa(le)
~ where n(Ai) agé n(Bj)fare the number of acidic and basic
residugs fespecfively in the protein, Tgble 3vli§¢s the
number and nature of'chapged groups in Indiana NS prdtein
~and their assigned PK, values, This inférmation was then
used to soive eqﬁgzzan (1) shown above énd_a plot of het
‘charge versus pH w prepared (figure 54 ), The pI for NS
was then determ¥ned by inspection of ‘figure 5% and found

. to be approximately 4,26, °

-

-
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Table 3 Charged Residues and Their PK, Values for Indiapa Ns T
Res:  dues (3) (b

Charged Re51due Number of Residues ; pKa
Arginine N ~ 9 12,5
H1§11d1ne ' 6 . 6,0 ‘
Lysine - . | 13 10,5
Aspartic | 18 = .._3;9
Glutamic 28 4.3

. . . _-.L /—l ] .
N-termiral amino group 1 8.7
C-terminal carboxyl grou? ':; 1 = - 3.0

(a) number of residues determlned from the amino acid’

sequence of Gallione et al., (1981),

o -

(1) PK, values of free amino .aci side groups (Lehninger, 1976),

i

"

+2.0

NET CHARGE
J X
(o) o

1
T
[+]

2.0

Fi ' . 4.20 4.22. 42.4- 42r. 423 &30 |
Feuse %0 PH .

Calculated Net Charge of Indlana NS Proteln as a Functlon
' of pH

The net charge of NS.protein was determined at .’ f _ %:
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several pH values using equatiOﬁ;(l) The pE value at
which the net charge is zero (do%tted line) 1nd1cates
the theoretlcal PI of the protein,

N

e
.
S s B
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