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| mhuﬁ M himt viriom nro u\zct« to i.oumtxén |
for a brior porloh cf time (1’ dﬂ). rad!.«ctbu iodlne wu
.inocrporltod prodoninmtly into the a poup,pt“n m $0°

a lduor oxtont 1nto 1 2 polypopﬁdu, only vith lo:hn
1ncubation tiuc (15 min or more) daid lgbnl appu.r in thc A
Y and 8 polypeptides; and. this eoincidu with a progrouin

. '1oonn1n¢ and ultlutc colhpu"‘bf' tho unl capnid. Anti-

’

‘peptides has been achieved. . Capsid polypeptides were

' sera specific for each of the capsia poxypop’ua- species

woro producc;l i.n rabbits using iulnm protoim u untigéna. .
Ruotlon of virions with these antisora in plajué-. '
neutralization and hmulwtimtion-inhiutlon tests showad\.
“that only the mti-a Serun was capable of blocking virus-

cell. interactlona. . COnpr/ ff-fixation and 1nunod:lffusion "
tests conﬁmed the oburvations that, tha a. polypoptider

occupy most of the extemal\urface of the viruq particle

and that tt{ B polypeptidoa are partially expoeed.. The ‘7 ",

and 5 polypeptides apparently occupy ihtarnal locations in

tho cupaid of .the uengo vi-rion. - -

Isolation of“the Mengo vir'ua stable non-capsid pnly- .
0
t.
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:
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lpl\u I. rolpoct '

Fencved trem infectes-sadl mmh ying ultracenirifugation
unnuy cmuum tmﬁ(uu cnmtoaw on
’ rhooIVod the. dqnatuxnd non- '
0 thrn -mm o-pomm of |
BRining peispeptises 2 piue. ¢ and -
oiy. were: sopsntod by chmatomphy
on 0-100 Scpﬂ‘hox colu-ns in'tho proscnpo_pf 0.1% SDS.
ChrOintography on Bio-Gol A-5m columns resolqu the

uhdenatured non-cupsidvpdlypcptidos into two peaks.

 Selected fractions containing isolated E and P polypeptides

were asidyed for potential protease and polymerase activities.
A preliminsry aiiay dsing the precursor polypeptides A, B,
c and'D~as'substfates failed to detect any protease activity |

" associated with the P polypeptide. Assa&-mixturss con-

taining polypeptide E demonstrated an RNA polymerase
‘activity which was dependent upon exogenous viral RNA
template and oligo(rU) primer. /This activity was not

stimulated by the addition of viral capsid polypeptides
Cosedimentation of the isolated polypeptide E and viral RNA
in spcrdss dspsity gradisnts demonstrated  that this poly-
peptide had an affinity for the viral RNA. Polypeptide E
was also Capable of binding't; poly(A) segments covalently
bound to sepharose beads ‘\ |

The association of a small polypeptide called VPg with
purified Mengo virus RNA has been demonstrated. Analysis
on 0.1% SDS 4'101 polyacrylamide gels stéaled that VPg
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1. GENERAL INTRODUCTION e
ol T :

'rhe word picornavirus (from piee - small and rma -

°

“deqimting a ribonuclute gencae) was developed in 1963 -
by the International Enterovirus Study Group to describe
small (15 to 30 nm in diane;er), icosahedral, non-enveloped
RNn;eontaining viruses of animal origin. There are also
plant, insect and baéterial viruses which conform to this
description but the terth has been formally applied only to
those vigyuses of animals.

The picornaviruses have been classified according to
l‘their differences -in pH stability and buoyant densities in
’cesium salt gradients (Andrewes and Pereira, 1972; Newman
&t al., 1973; Scraba and Colter, 1974).

A recent clagsification scheme (Melnick et al., 1974)
1ncludee two genera, Enterovirus and Rhinovirus, which: com-
prise the family Picornaviridae.  This scheme is shown in
Table 1. The caliciviruses had pr;;iously been included in
- the picorneviru; classification scheme. However, their
larger size and distinctivé morphology'(Zwillenberg and
vBﬂcki. 1966 Alneida'ef al:, 19683 Wawrzkiewica et al.

1968) are atypical of picornav1ruses As well, it has been
sh@wn that calicivirus capsids have only one maJor structural
polypeptlde Species (Bachrach and Hess, 19731 BurroughS'ang

Brown, 1974) while all the picornavirus capsids are compgged

J



TABLE 1

Picornavirus Classification Scheme

A

[ F )
A.  Datetovizwses:

3. Casdievizwses:

Same MMasviree

AN
~
SN OIS

Pelte (3 )
Comsashis 4 (13)
Comsashis B ()
Rebe (21)

of ades, swise, esttle
-

Sevelegisally
Yange
2“" velated

A. Bumsa Miasvires (3i1))

B. Pest-and-lsuth Miscase Virw (7)

C. Bquise Misevires (2)

Sedimsntation essfficient ~199 §
Besyent demeity ~1.40 g/ml
Viriens labile g8 <3

Sedimsntetion esefficiont ~143 8
Busyent demsity ~1.43 g/ml
Virions labile plied.’

Sedimsntation ecseffictient ~130 §
Susyant dameity ~1.43 g/al
Virtens labile pli<S

> .

The various picornavirus subgroups also have distinctive

pathological properties.
Andrewes and Pereira (1972).

. "enteric cytopathic human orphan”.

These are discussed in detail by
Echo is an abbreviation for

27

o
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of four unjor,polypcptido.opoclos (Ruockift. 1971 Peniner g%

alp 9. -

. E:QE!EE‘!! Q‘ mg'!;ngn

The picornavirion is an isometric particle composed of
one molecule of single-strand;d RNA (30% by weighfj'enclased
in a protein capsid (70% by weight).- Cﬁrbohydfape-(bther
than the ribose moiety of the RNA) or 1ipid‘h£s not been
defected in the virion (Rueckert, 19713 Burness et gl.,
1973; Drzenek and Bilello, 1974; Mak and Rueckert, 19?5)3 ; o
Thg‘physical and hydr&dynamic properfies of Mengq.vitioﬁs |
caniﬁé'extended to picorna&iruse in general. " Iﬁ the
electron microscope. negatively tained.Mgngo'vifionsthgve
an anhydrous diameter of 27 nm. 1In solution,vthgvvirionf,g.
behaves as a spheroid with a diameter of appro&imately 30 nm
containing about 0.25 gfam\of water per'gfﬁm of dryvvifioni
The sedimentation coefficient (s°26’w) of 151 S, diffusion
coefficient (Dozo’w) of 1.47 x 1077 cmz/sec. and partial
specific volume (v) of 0.70 ml/g give a particle weight for

6

the Mengo virion of 8.3t 0.7 x 10~ when substituted into

‘the Svedberg equation (Scraba et al., 1967).



rhinoviruu (Nair and Lonborg-l(oll. 1971, Holu and s;lum

.\1,9691 Dimmock, 1966), Nengo virus (Colter dn». 1Ws7),°
.polio virus (Alexander gt al., 1958), Coxlackio_yirui
(Mattern, 1962), EMC virus (Huppert and Sanders, 1958), ME

virus (Franklin et al., 1959) and POV (Bachrach .1 ale
1964). The fact that the infectious RNA was aingle-stranded
was demonstrated by Haueen and Schiifer (1962).
I RNAs from several picornavirueea ha‘; been tranalated
in cell-free systems; among them poliovirus (Rekosh et g;
1970), EMC virus (Dobos et g;.. 1971), FMDV (Chatterjee,
1976) and Mengo Virus,(Abreu and Lucas-Lenard, 1976).
'Comparioon of. the translation of EMC, ME and Mengo vifus
" RNAs in cell-free systems from animal cells indica@bﬁ.that
in vitro translation .f»picdrnavirué RNA stat£s ai‘a.single

vivo precursor and coaf’proteins (Eggen and.

Oberg and Shatkin, 1972). This is in»cbﬁtrast to other
studies on the in vitro translation of poliovirus RNA which
seem fo demonstrate twb diffgrent initiation sites on the
viral RﬁA genome (Celma and Ehrenfeld, -1975). _HdWever, it
still remains to be proven that two initiation sites are

~utilized in vivo. It is generally accepted that only one

©
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initiation site is ’nnm on puoguvtul llll The number
of termination oltu munt on,hu virel RMA fe M‘t, ,
uncertain. The oxhton« ot a qu internal tox‘lnnﬁon.- B
site which gives rise h ‘a overproduction of onud  ,‘-,: .
protoin late in the 1nt'octiouo cyclo has been propoud&
(Muﬁmmﬁ.m%shmMg;nulwu = y' }*”

"Barly estimates of the nolocular weight of/ﬁicorni;"
virus RNA ranged from 1.2 x 106 for po;%Pvlrun (Coopor.
1969) to 3.0 x 108 for auc viml (Burness gt al., 1963).
More recent studies have shown that the molecular weight of'.
6 t 2.6 x 106

for PMDV (Wild and Brown,

the RNA is between 2.4 - 23é:x 10 for poliovirus
(Tannock ot al., 1970), 2.8 x 10°
1970), 2.4 x 106 for type 2 rhinovirus (Nair and Lonherg-
Holm, 1971), 2.5 x 10®

Lonberg-Holm, 1971) and 2.44 x. 10

for type 14 rhinovirus (Rair and

6 gor Mengo virus (Ziola

and Scraba, 1974). ‘

Most picornavirus RNAs contain essentially eguimolar
amounts of adenylate..cytidylage; guanylate and uridylate
residues (Newman et al., 1973). The only exception to this
ZBpears to be the human rhinoviruaes which have a high
adenylate content (Brown g_‘g_., 1970; McGregor and Mayor,
1971). No evidence has been found for the presence of
methylated bases in the RNA (Grado et al., 1968). The
nucleotides of picornavirus RNA are not, however, equally
distributed along the leng of the RNArgenome. It has been

shown that a polyadenylic aci{ sequence is present at the 3°

- end of such picqrnavirus RNA genomes as poliovirus (Armstrong



43 ke 3971 Tou and Vimer, 19771 Speetor st Saltimece,
1!"). R vll!l (lrlll and Redsrts, 1976y ﬁll‘ltlln:ll4il
1976). Colwbia B3-X virus (Mtneton =t Jees, 19m2),. " ks
_ vires (Ritler ane Plagsuna, 1972) Specter and SaltSiies, -
3a) and au&novsgu- Sedp et Owens, ) g 0 e
“ -5?7 YR e Yo W oa::f length of tuﬁu(m-- : ..
wm m:-m renging from 15 te 17 mimuu (lmu- h'
rz..-.nn. 1972) to 50 to 129 nuclooéid.- (8pector and
2 ~Baltimere, 1975b). It has montly been demenstrated that
the reason for this difference lny be an ovorv.tiuation of
‘the length of the poly(A) segaent in certain ln.tanco. '
(Buimess ot al., 1975). Based on these observations, a
"3180 rafige of 16 to 75 nuqloot;lci ii probably a more ac-. \
cufato figure for the size of the poly(k) locnont of

~

picornavirus’ capcid RNA in general. -.
The poly(A) tract appears to bé rcquirod for infectiv-
ity of purifiod viral RNA (Goldstein at al., 19761 -Spector
" - and Bnltilorc. 1974). The presence of the poly(A) segments
has been correlated to messenger function (Johnlton and Bose
11972y Hruby and Roberts, 1977), as well as to a possible
involvement in oncapsidution of the RNA (Spector and
Baltimore, 1975a). The goﬁonic Poly(A) segment seems to
be genetically coded (porsch-nlslor et gi.. 1975), in con-
trast to considorablo'evidence which augg;sts that the
pPoly(A) of cellular mRNA is synthesizod by post- transcrip-
tional addition, presumably involving terminal adenylate
tranaforaaon,(Braursrman. 1974).

/ ' ) ' A
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hmﬁM!. tholl.'!” -“ '
7D virwses -mm cmnm(e) wnmmxugu
g (Svowm ‘g.. 19701 Peres et Gandow, 2977)
Porter g8 al-v lﬂb)- xalnv. h pory(e) treet o’ uo-m
800 mucleotide . mtﬁbh:n-tu s‘cuotnoln ‘
o fileiteids g pd. o ‘am-i umtu*u of Doth Nenge |
and PIDV RiAs (Mduu 19761 Peres-Dereett ana .
Gander, 1977). The poly(C) swect may have some role in
replication of thc"vtnl-llu since partially purified BXC
RNQ polymerase will .ynthni:o poly(G) using exogenous
poly(C) as a templats (Rosenberg gt Al., 1972). This
activity 1is similar to one reported for the replicase of
phage Q 3, the dilcoviry of which lead to the suggestion that
the poly(C) tract may dbe a recognition site for the éoplleuo
(Kdppers and Sumper, 1975). Homoi. the RNAs of entero-
and rhinéeirus subgroups seem not to contain extensive poly(c)
tracts (Brown gt al., 1975). Since the mechanism of replica-
tion of all picornaviruses appears .slmilar. this proposed
r§comition Mction seens unli'koly.

It has recently been shown that a small protein called
'VPg. of molecular weight about 4,000, is covalently attached

" .to the 5° terminus of the wirion RNA of ENC, polio and FMD

viruses (Hruby and Roberts, 1978; Lee ot al., 1976 ‘Sl.ncu‘
2% al., 1977). The protein is also present on the 5° end
°.,f the nascent strands of the polio replicative intermediate
structure and attached to the paly(U) of polio minus s;rmds
(Nomoto @t al., 1977). Poliovirue mRNA, however, does not

ay et

e g




. .
contain VPg (Nomoto et al., 1976). Also absent is the

"capping group"ﬂTr;e et al., 1976) a structure which has -
been found at the 5 end of“most eukaryotic mRNAS. The 5°
terminal nucleotide sequences of poliovirus mRNA and genome
RNA ;re identical (Pettersson et al., 1977). Since available
evidence'suggesté that poliovirus mRNA is not encapsidated
into progeny virus (Levintow, 1975), the above information
suggests that VPg may have some regulatory role in deciding
which RNA molecules become encapsidated during morphogenesis

of the‘viriog. It has alsq been suggested that VPg may play
Ta role in initiation of poliovirus RNAfSynthesis, possibly
by acting as a primer (Flanegan et al., 1977; Nomoto et al.,

1977).

)

Virion Proteins

Early ultracentrifugal studies on the total extracted
protein from poliovirus (Maizel, 1962), ME virus (Rueckert,
1965) and EMC virus (éurness and Walter, 1967) indicated the
presence of a single, relatively homogeneous polypepfide
species of mglecular welght 26,000 to 30, 000. Subsequent
studies employing polyacrylamide gel electrobhoresis demon-
strated that the protein of poliovirus (Maizel, 1963) and
of ME-, EJ}IC- aﬁd Mengo-viruses (Rueckert, 1965; Rueekert ard
Duesberg, 1966) was composed of several different poly-

peptide species. With the advent of polyacrylamide gel



electrophoresis in the presence of SpS (Maizel, 1964;"
Shapiro et al., 1967; Weber and Osborn, 1969; Dunker and
Rueckert, 1969; it became possible to simultaneously
determine the number, malecular weight and relative amounts
of each polypeptide chain in the whole virion. Such studies
have shbwn that the picornavirus brotein capsid is composed
of four majdr‘polypeptide species, desigqgted VPl or q, VP2
or 3, VP3 or y and VP4 or :, of average molecular weights
34,000, 30,000, 25,000 and 5,000 t&¥%, 000 respectively.
Furthermore, there appears to be 60 copies of each-in a
complete capsid (Rueckert, 1976). Algso present in 1 to 2
copies per virion is the uncleaved precursor of § and 3,
called VPO or e. '

The amino acid composition of whole protein from several
picornaviruses has been tabulated (Rueckert, 1971). Notable
features common to the proteins are a low content of sulfur-
containing residues (2 - 3 moles %), a high content of apolar
residues (50 moles %), a high content of.Ezoline (6'— 8 moles
%) and a relatively large amount of residues which do not
form 1—heiices (35 - 40 goles %). These last two points are
reflected by the low a-helical content of Mengo capsid J'
proteins in situ (5 - 10%), as measured by optical rotatory
dispersicn and circular dichrocism techniques (Scraba et g;.,.
1967; Kay et al., 1970).

Individual capsid polypeptides have been purified from
a number of picornaviruses and their amino- and carboxyl-
terminal amino acid residues determined. With ogg exception,

the amino-terminal residues of the three larger polypeptide
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species of the reported picornaviruses are gly, asx and ser
or thr for a (VPl), 3 (VP2) and v (VP3) respectively (Rueckert,
1976). It has been shown that the N- termlnal of the & or
VP4 polypeptide of Mengo virus is blocked (Ziola and Scraba,
1976). Similarly, only three free N-termini could be
detected in intact poliovirus (Burrell and Cooper; 1973),
and these were identical to the three reported for Mengo
virus. Thus it seems evident that a blocked N-terminal of

(VP4) could be a common structural feature of picornaviruses.

-

Morphology of the Virion

Analysis of the picornaviral capsid structural organiza-
tion was first made possible by the development of techniques
for purification and crystallization of poliovirus (Schaffer
a?d Schwerdt, 1955, 1959). Finch and Klug (1959) concluded
f;om X-ray diffraction patterns of these crystals‘;hat the
poliovirus capsid posse;ses 5:3:2 symmetry. By extrapolating
from their daté. they suggested that the virion was composed
of 60 identical asymmetric structure units, each with a
diameter of 60 to 65 X and a mass of 80,000 daltons (the
latter value calculated using the then accepted but incor-
rect molecular masses of 2 x 106 daltons for the RNA and
6.7 X 10% daltons for the virior).

Subsequently, data on turnip yellow mosaic virus

revealed that its capsid was composed of 180 polypeptide
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chalns and not the 60 chains deduced from X-ray dlffraction
patterns which were v1rtually identlcal %o those obtained
for poliOvirus (Klug et al., 1957) In addltlon, electron
microscopy revealed that the 180 polypeptlde chains were .
arranged into 32 morphologlcal units (capsomers) rather than
60 (Klug et al., 1966; Finch and Klug, 1966). This illustra-
ted that 5:3:2 symmetry and repeat periods in.X‘ray diffrac-
tion patterns are insufficient evidence to conclude.that a
virion is composed of-g\\éubunlts and, -as a result cast |
doubt on the polloV1rus model.

Attempts to elucidate the capsid structure employing -
negative stairing in the electron ﬁfﬁroscope added furthér
confusiom. The picornayiruses ﬁave unusually compact capsids
which are essentially impermeable to the electron-dense salts
uéed as negative stains. Thus very little surface detail is
evident in electron micrographs,  and microépopisfs ha&e
variously suggested 32- (Mayor, 1964), L42- (Agrawal, 1966)
and 50~ (Horne and Nagington, }959) capsomér structures.

The key to resolving the capsid architecture came from
an examination, not of intact virﬁé. but of its'dissociation
products. Cardioviruses, when incubated in physiological )
éaline at pH 5 to 6.5, dissociate into RNA, homogeneous 173
to 14 S subunits (molecular weight approximately 425,000) and
an insoluble precipiﬁate of ¢ and < chains (Rueckert et al.,

1969; Dunker and Rueckert, 1971; licGregor et al., 1975; Mak

et al., 1970). The 13 - 14 S subunits contain equimolar

amounts of 1, 3 and y and, by treatment wiﬁh 2M urea, can be

.
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dissociated further into 5 S particles of molecular weight
86,000. These 5 S partlcles glso contain equimolar amounts
‘of a, B and y. On this basis, Dunker and Rueckert (1971)
prdposed-that the 5 S pgrticle was the basic ‘structure unit
and that five of theSe were clustered to form the 13 - 14 s
pentamer subuni?, one of which is centered at each of the 12
vertices of tﬁe icosahedral particle. Similar studies with.
ngngo virus yielded ideﬁtical results and in addition electron .
microscopy showed that the dimensions of the 5 S and 13 - 14 S
subunits were consistent with the proposal that the 5 S‘sub—°
unit is the fun@amentalistructure unit of the capsid and that
the 13 - 14 S subunit was a pentameric cluster of’5 ) susunits
(Mak et al., 1974). The observed 68 R diameter of the 5 S
subunit js in close agreemeht with the value originaliy
predicted by Finch and Klug (1959). '

"J’ .

.Virus Replication: Attachment and Uncoating

The initial step of viral infection involves the attach-
menf of virus.particles to specific receptors in the plasma
membrane of susceptible cells. The receptors for a given
virus are limited in number (10“ to lOS‘pef cell) and thus
can be saturated with excess virus (Crowell, 1966; Lonberg-
Holm and Korant, 1972; Lonberg-Holm and Phildpson, 1974).

The presence on membrane surfaces of specific "receptor

families"” has been demonstrated -for a number of enteroviruses
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g and human rhinoviruns (Lonbcrg—l{oln et ﬂe 1976)
plcornavirus belonging to one family cnn dblock nttnchmont of
o ther viruses of that same family (e.g. poliovirugdxype 1l
can block attachment of poliovirus type 2). It cannot.
h&ever, block attachmpnt of viruses specific for othor o
receptor families. ‘Receptors for poliovims and cox\ackie-
‘virus B have’ characterutic sensitivities to inactivation
by proteolytic enzymes (Zajac and Crowell, 1965) . However,
these recegtors were not inactivated by neuraminidase._vhile

. .
receptors for EMC virus were inactivated by similar treatment

(Qngel and Burness, 1977).

The initial attachment of virus to cell receptors is
reversible, and infectious virus can be removed from celié
by washlng with physiological saline. This loose attachmenf
is subsequently converted to an 1rrever81ble virus-receptor
complex, the‘gonver31gn in some cases belng temperature’
dependent (Lonberg-Holm and ‘Philipson, . 1974). Infectious
virus can be recovered from such cqulexes by treatment
with SDS (Maizel, 1962). Lonberg-Holm and Philipson (19?4{
suggest that the transition from a weak &o strong interaction
may be accomplished by the diffusion of additional receptors
in the plane of the membrane to the initial site of yi;us-
éttachﬁent. At low temperatures the—fluidit& of the membrane
lipids would be decreased, and this would restrict«the
mobility of the receptors and hinder the establishment of

the irreversible complex. Receptors for Mengo virus (Mak et

al., 1970), poliovirus (Bachtold et al., 1957) and FMDV (Brown

-
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"gg'.l}, 1962), whbse tttqchnenthlo'oolentiilly tenporature—

indqpendent. may already be olulterod on the cell lurfnco;
whereas roceptort for rhlnovirue. whooe attachmoﬁt is.
,temperaturo-depondent (Lonborg-ﬂolm and Korant, - '1972) may
be distribnted throughout th5<l0ibrune.

Intorlction of picornaviruees with susceptible cells
produces a rapiad loss of infectivity of the virus, a process
called eclipse. A large proportion of poliovirus attached
to cells in the cold coﬁld be subsequently eluted by raising

7

the temperature (Penwick and Cooper, 1962; Joklik and Darnell,

1961). The eluted particles, which are unable to reattach
to’'cells, contain infective RNA which is resistant to ribo—

| nuclease (Joklik and Darnell, 1961 Mandel, 1967). These

"A-particles” sediment at approximately 90% of the rate of
lnfectious virions (Fenwick‘and Cooper, 1962). Coxseckle-
viruses B3 énd Al3 also undergo these specific alterations
and it has been demonstrated that the eluted particles lack
the.po;ypeptide VP4 (Crowell and Philipson, 19714 Corde et

al., 1975). The loss of infectivity og)poliovirions has

also been equated with a loss of the polypeptide,VPb (Breindl,

1971). Virions whlch have been treated in vitro with acid
alkali, heat, UV radiation or 2M urea also produce partlcles

which lack VP4 and are unable to attach to cells (Lonberg-

" Holm and Yin, 1973; Breind], 1971la,b; Katagiri et al., 1971;

Roizman et al., 1959). The artificially produced particles

are immunologically similar to the eluted A-particles, both
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of which are said to possess "C" or "H" antigenicity. The

intact virue particle is said to have "B" or "N” anti-
gonicity (Mayer st ak, 19571}{““.1"_‘3 al., 1962). The
antigenic shift accompanying the foruation of empty
particles occurs whother or not the RNA is released from
the virion (Brcindl. l9?la.b| Katagiri st &l 1968 1971).
These observations leq some workers to postulate that
the capsid polypeptidé VP4 #as responsible for attachment
of virus to cell receptors (Breindl, 1971la; Philipsan et
al., 1973). An alternate hypothesis put forward by
Butt;rworth et a;; (1975) explaiﬁs the inarility bf eluted
‘virus to reattach as a conformational rearrangement -of the
cap31d polypeptides, the loss of VP# being incidental. The
hypothesis is supported by the observation that human rhinoz
v1rus type 2 can be resolved into two conformationally SRS

~

. isomeric populatlons by 1soe1ectrlc focu831 g (Korant et

~-

al., 1975; Butterworth et al., 1975) virions isoelectric
at pH 6.4 had a full complement of RNA and polypeptides, and
were fully iﬁfectious; while the pabulation isoelectric at
pH L.s was nonlnfectious even though it had a full comple-

ment of . RNA and polypeptides (1nclud1ng VP4). 1Isoelectric

focu381ng data on poliovifrus also supports thq
sButterworth (Mandel, 1971). Virions isoelectri-
and at pH A.S were detected. Treatments
infectivity (heat, adsorption-elution from utrali-
zation by speciflic antibodies) irreversibly sfabilized the

capsid in the conformation with isoelectric point pH 4.5.
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These treatments were also shown to change the antigenicity
of the virion from D to C. Poliovirus can be stablilized in
its native conformation by the methylthiopyrimidine S-7
(Lonbb;g-Holm et al., 1975) and by glutathione (Penwick and
Cooper, 1962), as measured by increased heat stability.

. Human rhinovirus type 2 is ninilarly‘stabiiihcd against pH
and heat inactivation by SDS. These égents also inhibit
infection of cells and cell-mediated eclipse, suggesting
that conformational rearrangement of the viral capsid is
required for the infection of cells by virions.

: -The observation that isolated cellular membranes can
cause eclipse of virus (Chan and Black, 1970 Roesing et al.
19753 De Sena and Mandel, 1976) suggests that modification
of the adsorbed virion is attributable to a component of

the plasma membrane, perhaps the receptor. The process by
whlch the RNA genome enters the cell subsequent to the
initial capsid modification remains obscure. Lonberg-Holm
and Whiteley (1976) proposed that eclipse of loosely at-
tached poliovirus results in elution of the A-particle and
that eclipse of tightly bound virus results in intercalation
of th? lipophilic A-particle (Lonberg-Holm et al., 1976) into
the cell membrane, followed by uncoating of the RNA.
Alternatively, De Sena and Mandel (1977) proposed that the
A-particles 5f poliovirus progress through a series of

. modification steps, ultimately leading to uncoating: The

RNA present in A-particles becomes sensitive to ribonuclease

following treatment with chymotrypsin or detergents (De Sena
Vo
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and Mandel, 1976) and these‘authors suggested that similar
factors may play a role in the processing of A-p;pticlou
through a series of gnstnblo‘intermediatos to a final
state of uncoating.

Little morphological evidence concerning penetration
and uncoating of picornaviruﬁoa is present. Engulfment of
the virions into a vacuole has been proposed (Dales, 1973)
but micrographs seeming to show a direct penetration of the
plasma membrane have also been published (Dunnebacke et al.,

1969). | (

lterations of Cellular Metabolism

Picornavirus infection of cells produces a characteri-
stic early inhibitign of cellular protein, RNA and DNA
synthesis. The rate and extent of inhibition depends on
strain of virus and cells and multiplicity of infection
used (McCormack and Penman, 1967). In most systems analyzed,
shutoff of host cell protein synthesis is complete by 3 to
4 hours after infection. Shutoff is pafélleled by a gradual
disaggregation of the heterogéneous host cell polyribosomes
(average sedimentation rate = 200 S) and the formation of
larger virus-specific polyribosomes, sedimenting more
homogeneously at approximately 350 S (Baltimore, 1969).

The host cell mRNAs have a relativel;_zong half-liggi\ >

(Greenberg, 1972) and it has been shown that the viral
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inhibition of host protein synthesis is not due to extensive
domdntion of the cellular mRNAs, .although very small
changes in size (which are difficult to detect) may be
adequate to inactivate t“ao molsdngers (Colby ot al-,
1974). This implies that inhibition occurs at the level of
initiation and it has been lu¢‘;otoq that a VLFUI-Ip.cifi;d
protein selectively interferes with attachment of collﬁlaf
mRNA to ribosomes (Penman gnd Summers, l§65; ﬁillomo and
Penmah, 1966 Balgzgorei 1969). Poliovirus mutgn%s unable
to shut off host profein synthesis map in the region of

the genome which codes for structural preteins (Steiner-
Pryor and Cooper, 1973). This evidence lgd to the proposal
that a structural protein is involved in shutoff, perhaps
by acting as a new initiation factor (boopér et al., 1973;
Wright and Cobper. 1974). Howevqr} deletion mutants which
do not produce capsid proteins behave normally with respect
to the inhibition of host protein synthesis (Cole and
Baltimore, 1973).

Art alternative model to account for shutoff has been
;}oposed by Ehrenfeld and Hunt (1971). In vitro studles
showed that viral double-stranded RNA could inhibit globin
synthesis in rabbit retieulocyte cell-free systems, this
may have been accomplished by the sequestration of initia-
tion factor elF-3 (Kaempfer and Kaufman, 1973). Also,
addition of double-stranded RNA tb cultured cells. produced
an in vivo inhibition of protein synthesis (Cordell-Stewart

and Taylor, 1973). However, it was later shown that both .
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viral and cellular protein synthesis are inhibdited by doudble-
Qtrandod RNA in vitro (Robertson and Mathews, 1973; Celma i
“md Ehrontold.‘ 1974). In addition, shutoff ocours early

in 1nfoction when little, if any, double-stranded RNA 1-
present and can also occur if viral RNA roplicntion ie”
absent (Baltimore, 1969). ”

Leibowitz and Penman (1971) proposed that shutoff is

due to viral RNA belng more efficient than cellular mRNA
.in'iﬁfiiating translatior. In vitroe studies show that
uninfected and EMC virul-infected mo&ge cell extracts are
equally active in translating mRNAs of either viral or
pellﬁlgr oriéin, but that only the viral message is trans-
. Bted when viral and cellular mRNA are simdi€anepusly added
,wtq'tgg infected cell gxtract (Lawrence and Thach, 1974;
Thach et al., 1975). Also, a hypert?nic medium selec%ively
blocked initiation of céllular protein synthesis in infected
: cellé-early in the infgg{%oqa-cycle, while viral protein
S&ﬂfﬁes}s continued'ﬁﬁimpaired (Saborio et al., 1974; Nuss
et al., 1975). iThié“model does not aceount for the fact
| tﬁét‘iﬁhibitian.of'cellular protein synthesis occurs before
~¥he7sypthésié of éignificant levels of viral RNA (Baltimore,
1969; Nuss et al., 1975)- Nuss et al. (1975) suggestod
!therefore. that a v1rus spec1£1ed product alters a cellular

factor, thereby affacting the rate of initiation complex

"'formatlon for all messengers Vlral RNA w1th a high af-

: 'finlty for 1n1t1at19n wduld still be translated but o

cellular mRNAs with a low afflnlty for 1n1tiat10n would



not be translated. I YAtIo systems, beommee of 'thtt'r Iovié "
rate of. initiation, would not be able to deteot this
Phenomenon. ' : .

© Inhidition of cellulsr RNA syntheais also oocurs
u:l:"iftox'- picornavirus infection (Baltimere, 19.69) dut the .
mochanitn remaine 4ucuse. It weuld agpesr %o be medisted .
by a vimlinmifi;a pmgoiw since imdution of the
Infecting virus (Pranklin and Baltimore, 1962) or inhibitors
. of protein synthesis (Baltimore gt .ll .‘: 1963) prevent shutof?
of cellular RNA synthesis. Ricontly. Schwartz et gl., (1974%)
and Miller and Penhoet (1972) showed that nucl@ iloiatod *
from Mengo- or EMC-virus-infected cells demonstrated an
inhibition of RNA polymerase I1I activity appearing before
inhibition of polymerases I and III, suggesting two separate
mechanisms. HoQovor. when extracts were made from the
nuclei these differences were no longer observed and poly-
merase activity was fully recovered.

.Inﬁibition of DNA synthesis in infected cells appears

.to. be 5. consequence of protein synthesis inhibition. This
is supﬁorted by the obsef"va;':ion that inhibitors of protein
synthesis in uninfected cells mimic the: shutoff of DNA
synthesis produced in infected cells (Hand et al., 1971,
. Hand and Tamm, 1972).
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Early studies of the replication of poliovirus revealed
‘4 presence of eboet 16 aifferent virus«specified poly-
peptides in cytoplasmic astracts of infected Heh celle
cmnn.. 1965). OF the M potypoptites, & were
"shown to correspend to the virus capeid proteing (designated
VPl to 4) while the remaining ones were non-capsid poly- ’
peptides (designated NCVP1 to 10). Summation of the
molequlef welights of the 14 viral polypeptides gave a value
approximately twice that of the theoretical coding capacity
of the poliovirus genome. .Thie puszle was resolved when it
was recognized that the higher molecular-weight polypeptides
" were cleaved after translation tec yield the smaller itabie |
capsid and non-capsid polypeptide.féSupnera and lnizel;
1968; Jacobson and aaitimor.. 1968). . | -

This proceae has also been ihovn to také place in
cells infected with enterovirubee (Holland~and~xiebn, 19685,
| cardioviruses (Butterwcrth 3_«;1 ' l971; Dubos and lartin.
1972; Lucaa-Lenard 1974 Paucha gt 31 " 1974), human ‘rhino-
viruses 1A nnd 2 (McLean and Rueckert, 1973, Buttirwortb,
1973) and MDY (Vande woude 2t al-, 1972; La Porte and Lenoirt
1972y ‘Black, 1975). Tt was propoaed by Jacobson and
'Baltimore (1968) ‘that the entite viral genome was trans-
lated into one giant polypeptide (called polyprotein )
and that all the viral proteins were produced by subsequent

cleavages.
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a
Poiyprotein is not normally observed in labeled «cell

extracts. One exception is coxsackié virus-infected cells
in which a.polypeptide of MW 200,000 has been détectéd after
a short pulse label early in infection (Kiehn and Holland,
1970). Polyprotein .can be detected if proteolytic cleavages

in infected cells are inhibited by incorporation of amino

acid analogies (Jacobson et al., 1970; Paucha et g;:, 1974),

~

by addition of protease inhibitors such as TPCK or TLCK
(Korant, 1972; Summers et al., 1972), or by zinc ions
(Butterworth and Korant, 1974). Some temperature-sensitive
mutangs ¢f poliovirus also,accumulat?/high moleqﬁldr welilght
precursors at the restrictivq temperature (Garfinkle and
Tershak, 1971). In the absence of inhibitors thé largest
polypeptide normaily found in infected cell extracts has

é molecular weight of 100,000 to 130,000 (Jacobson et al.,
19703 Butterworth -and Rueckert, 1972a), indicating that
cleavaggs occur on nascent polypeptide chains.

Studies on the in vitro translation of picornavirus

RNA revealed only one initiation site at or near the 5° end

(Oberg and Shatkin, 1972; Boime and Leder, 1972; Smith,
1973), a result which is compatible with the idea of poly-
protein being equivalent to the uninterrupted translation

of the entire genome. Also revealed was the presence of a

short "lead-in" polypeptide which was rapidly cleaved from

the.5' end of the capsid precursor following initiation of
translation. This polypeptide was then raplidly degraded

(Smith, 1973). The presence of a unique initiation site
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made possible the genetic.mépping of the polypeptides using
."pactamycin, a drug which specifically inﬂibits initiatiore?
of protein synthesis (Taber'gz al., 1971, Sué%ers and
Maizel, -1971). Using this technique, it has beén shown

that the pattern of post-translational cleavages leading

to the generation of the stable end products is very similar
for EMC virus (Butterworth and Rueckert, i972b), Mengo virus

(Lucas-Lenard, 1974; Paucha et al., 1974), poliovirus

1., 1977).

(Butterworth, 1973), rhinovirus 1A (Butterwort’ 1973;
McLean and Rueckert, 1973) and FMDV (Sanger a

The models of polypeptide synthesis and processing for
Mengo virﬁs and poliovirus are presented in Figure 1.

In Mengo virus-infected cells, three large poly-
peptides designated A, F and C and two smaller polypeptides
designated G and H are produced by primary cleavages of the
nascent polyprotein. Polypeptide A, translated ffom the 5°
region of the genome, is t precursor for the virion capsid
proteins.and is processed @a series of secondary cleavages
to give ¢, x and y. The cleavage of ¢ to § and 3 1s termed
a morphogenetic cleavage and occurs during encapsidation Qf'
the viral RNA (Jacobson and Baltimore, 1968b).. Polypeptide
C, translated from the 3° region of the viral RNA, also
undergoes secondary cleavages to yield D and then E, which
is stable. Polypeptide F, produced during the primary
cleavages, 1s also stable.

The nature of the enzyme(s) involved in these cleavages

is unknown. The primary cleavages, which can be inhibited
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Figure 1. Cleavage 'schemes for Mbngé and Polio virus-
specific polypeptides. Numbers below the lines refer to
molecular weight, in thousands, of each polypeptide.
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by TPCK or TLCK, appear to be mediated by cellularlpr0£eases..
Korant (1972) showed that poliovirus polyprotein, isoléted
from monkey~kidney cells infeéted in the preéence ofaTPCK,
could be cleaved by uninfected cell extracts into products

identical to those produced by in vivo primary cleavages.

Conformation of the polyprotein also appeared to be
important since a-chymotrypsin could cleave native poly-
protein into products similar to those produced with

infected cell extracts but cIeaQed denatured polyprotein y
into small fragments.' Korant (19?%) also demépstrated

that the secondary cleavages of capsid precursors‘are

probably médiated by a viral spécific enzyme. Partially
purifigd polypeptide la of poliovirus (ahalégou§ to pol,t'
peptiae A of Mengo) could be cleaved by extracts of infected
cells to yield the capsid proteins. Uninfected cell extracts

did not contain this acti

Another distinct vi‘r"!oded protease appears to be
present in infed%%ﬁ cells. EMC RNA translated in an in
vitro cell-free system from uninfected cells, yields as one
of its products a polypeptide slightly longer than poly-
peptide A (Lawrence and Thach, 1975). This polypeptide
was 1ldentical to A except for an extra 12,500 daltons of
protein at the amino terminal end. Infected cell extracts
dig not produce this larger version of A, but ®n additional
small protein of MW 12,500 was present. The activity
respgonsible for this cleavage copurified with the viral

capsid protein v. Since the y sequence is contained in A,
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this process may be autocatalytic.

¢

Reglicatibn of Viral RNA

’ . L 4

In addition to its role as messenger, infectihg
picornaviral RNA”aéts as a template for RNA replication.
Kinetic analysis shows that replication of viral RNA begins
within half an hour of the initiation of infection and
proceeds.exponentially until approximately 3 tobb hours
post-infection when the rate of synthesis becomes linear
(Baltimore, 1969; Darnell et al., 1967). The rate remains
linear for about 1 hour and then declines gradually until
replication ceases at 7 to 8 hours (Baltimore et al., 1966;
Darnell et al., 1967). Once formed, a new RNA molecule
becomes available for replication, translation or ultimately,
encapsidation. The control processes which decide the fate
of a newly synthesized RNA molecule remain to be clarified.
It hak been proposed that encap31dat10n of newly synthesized
v1ral R&l which would llmlt the availability of replicative
template, is respon51ble for the alteration of RNA synthesis
kinetics from the exponential to the linear “form (Baltimore,
1969).

Replication of the viral RNA takes place exclusively
in the cytoplasm on smooth membranes which make up a struc-

ture referred to as the replication complex (Caliguiri and

Tamm, 1969; Caliguiri et al., 1973). This complex, sediment-
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ing at 250 S, contains all of the viral RNA polymerase
activity and replicating strucques. referred to as -replica-
tive intermadiates (RI). RI consists of a slngle strand of
template RNA hydrogen-bq‘ded to the growiﬁg b ends of
progeny molecules whose completed 5¢ ends are free (Phach
3315_.. 197#; Bishop and Levintow, 1971 Levintow. 1974) .
The RI {tself sediments at 20 - 70 S in sucrose gradients°
indlcating heterogeneity in size. Evidence that the RI is
a fuhctional intermediate in the synthesis of viral RNA was -
obtained by in vitro pulse-chase experiments which showed
flow of radioactive label from RI structures into single
stranded péogeny molecules-(Gitﬁrd, 19693 McDonnell and
Levintow,.l970). |
The infecting viral RNA inltially acts as a template
for the simultaneous formation of six to seven strands of .
complementary RNA (cRNAj Baltimofe, 1968), each one being
syntﬁesized by a separate polymerase molecule, in the RI "
structure. The cRNA then serves as a template fcr the
synthesis of vlral Plus strand RNA moleculeg, also in an
RI structure. Most of the RIs extracted from infected
cells contain a complete single-stranded template of cRNA.
From 5 to 10 times as much VRNA is produced than cRNA
(Baltimore, 1969). Genetic evidence suggests that different
polymerases may be involved in the synthesis of cRNA and
viral (plus)‘RNA. .Temperature eensitive mutants of polio-
virus synthesize either no RNA or only cRNA, and these

mutations map in slightly different places within the
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genome (Coopor. 1970). ‘ .
In nddltion to the 250 S repilcativo complox which
makes mostly viral RNA, a minor fraction soﬂimont}nc at
70 S has also been idont{ficd (Cali;uiri. 1974). ,This
smaller’complex producoa masfly cRNA, augxcsting that it
is the primary site for oRMA’ oynjthuu. Thus, there may -
be different cellular locations for the two replication
complexes. T - ‘ -
Also present in infected cella is a fully hydrogen-
bondéd double-stranded RNA called the repllcative form
(RF). It accumulates only late in infection (Baltimore
and Girard, 1966) and this fact, aiong;with‘pulse-chaéé
experiments (Baltimore, 1968; Girard, 1969) suggests that
it is a Byproduct of the RI (Bishop and Levintow, 1971?.
Data which showed that picornavirus RNA synthesis
does not occur in the nucleus (Franklin and Baltimore, 1962)
together with the observation that these viruses repli;afe‘
in the presence of Actinomycin D‘(Reich et al., 1962)'
‘}mplied the presence of a virus-induced BNA dependent RNA
pblymérase (replicase). The first evidence for such a
replicase was obtained with Mengo virus-infected cells
' (Baltimore and Franklin, 1962, 1963) and poliovirus-infected
cells (Baltimore et al., 1963b). When isolated from cyto-
plasmic extracts, the replicase activity was found to be
associéted with a replication complex which included
protein, nucleic acid and smooth cytoplasmié membranes.

Activity of the replication complex in vitro was limited
°
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te dbmpletion of previously initidted viral RNA stralds‘
(Girard, 1969s Dietzschold and Ahl, 19?0) Diseoeietion

; of the replicase from membranes with detergents resulted
in a rapid, irreverstble loss of activity (Girard 31‘;;

1967 Plagemann and Swim, 1968), The instability of the

| ;epltease has'made definitive studies of its composit h
and enzymatic properties very difficult; nevertheless some
progress hes been made. A partially purifled replicase

, complex~£r9m EMC v1rus—1nfected cells was shown torcontain
five polypeptides; one ‘of which has a molecniar weight
identical to the viral non-structural protein E (Rosenberg
et al., 1972). 'Thls replicase was able to polymerlze
guanylate re81dses using GTP and a poiycytidylate-template.
Analysis of the.replicase extracted from polioviruséinfected
cells showed the presence of predominantly one v1rus—
(spe01flc polypeptide whlch co-migrated with the poliovirus
equivalent of E (i.e. NCVP4; Lundquist et al., 1974).

| Recent studies with Mengo virus (Roesch and Arlinghaus,
1975), EMC virus (Traubfg; g;.; 1976) and FMDV (Polatnick
et él.,.l967) have also indicated a role for pol&peptide

E in the replicase activity. A primer-dependent RNA poly-
merase~abie to copy a poly(A) tenplate nas recently been
isolated from poliovirus;infected cells (Flanegan and
Baltimore, 1977). The identity of the viral?specific pol&-
.peptide(s} responsible for this activity was, however, not
established. |

Together, these observations suggest that ‘the picorns;

]
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virus replicase is composed of a viral polypeptide {poly-
peptide E) in association with yet to be characterized
cellular polypeptides.

Virion As bl _ *

Assembly of the picornavirion occurs in a series of
steps in w@ich individual polypeptides aggregate in equi-
molar pro;;rtions into structures of increasing size, which
combine with RNA and ultimatély form a cdmplete virion.
Caliéuiri and éompans (1973) suggested that assembly
occurs on thg}smooth cytoplasmic membranes, in'conjunction
with viral RNA replication.

Much of the assembly process has been clarified byb h
an examination of sub-viral part%cles isolated from iﬁfected
cells.’ Early studies on polioviéus assembly demonstrated
the presencevof a 5 S particle composed of one molecule
each of the polypeptides VPO, VPl and VP3 (Phillips et al.,
1968). It was proposed that five of these 5 S particles
aggregated to form the 14 S structure also isolated from
infected cells (Phillips and Fgpnel, 19733 Phillips, 1971).
In 1973 Maizel et al. examined the "empty capsids” extracted
from poliovirus-infected cells and showed that they were
composed of equimolar amounts of VPO, VPl and VPB;Zv
Jacobson and Baltimore (1968b) subsequently demonstrated

that the 7?3 S empty capsids accumulated in poliovirus-



31

. Y »
inre'c't"éa»}_{_gl_,a cells to which 3mM¥ guanidine hydrochloride
had been ;d&edu 'ﬁimovdi of guanidine resulted in a flow

of radtpaé%{yg ;gb&i from empty capsids‘into mature polio-
virions, suggesting that this structure, which they termed
'the."procipsid”. was an assembly intermediate. Also found
in poliovirus-infécted cells was an entity, sedimenting at
125 S, called the "provirion” (Fernandpz-Tomhs and
Baltimore, 1973). The provirion was identical <to the 73 S
procapsid éxcept that it also contained a 35 S single-
stranded viral RNA molecule;f.This da‘ta impliéS'that.during
the assembly of poliovirus, RNA is inserted into a,75>S
frocapsid before the final proteélytic (morphééenetic)
éleavage of VPO to VP2 + VP4 which prpduceslthe mature
virion. With the demonstration that 14 S particles could

assemble into ‘7?3 S procapsids in vitro (Phillips, 1969,'

1971), and the observation that this process was stimulated
by addition of a roﬁgh cytéplasmié membrane fraction from
infeéted cells (Perlin and Phillips, 1973), it appeared that
the compiete scheme for polibvirus morphogenesis had been
resolved. This assembly sequence (Philligs, 1972; Casjens

and King, 1975) is shown‘below.

*NCVPla — (VPO,1,3) — (VPo.i,'3)5T-’"[(yPo,»1.3)5112
58 - s %3 S procapsid
‘ . ; RNA
., VP2,4 0 A :
“#* . RNA-(VP1,2,3,4), e A 7 RNA- (VP0,1,3)¢ 4,

155 S mature virion 125 S provirion



However, some doubt exists as to the role of the 73 S pro-

cabsid invirion assembly. Poliovirus-infected MiO cells

accumulated 1# S rather than 73 S particles in the presence

of guanidine (Ghendon et gl., 1972). Removal of the inhibifor

resulted in a direct flow.of radioactive label from the 1uls

particles into mature 155 S virions without the appearance.

of 73 S procapsids. Thus, the procapsid may be a product

of abortive assembly or a storage form of excess s

particles rather than an obligatory intermediate in

assembly. Also, a direct kinetic';recursor-produét

relationship between the 5 S and 14 S particles of poliovirus

has yet to be démonstrated: !
Stages in the assembly of cardioviruses appear to be

somgwhat different from those of poliovirus. McGregor et

al. (1975) have shown that EMC virus-infected Hela cells

contain two capsid precursor particles sedimenting at 13 S

and 14 S. Kinetic anﬁiysis showed that the 13 S particle

(a pentamer of the capsid precursor polypeptide A) was

converted into the 14 S particle (a pentamer of €, ¢ and

Y polypeptides), demonstrating. that in apparent contrast to;‘

poliovirus assembly, the precursor polypeptides aggregaﬁgfiy

before proteolytlc cleavages occur. The model'propdbed hyf'
McGregor et al. (1975) for EMC virus assembly is shown below.

(a) — (A)g— (eay)5?9?,e RNA* (6Bya)g,_ (€ay)
5+
13 S 14 S 150 S virion



Cardiovima-intoctod cells do not prod\mo ltl.bl. 73 S

o ompty capo’ldn. uoo., dn m treatments which produce
ompty capci.ds from puriﬁ.od ontorovirucu do not forn
ompty capsids from cardi.ov:lr‘uau (Ruookort 1976; Scraba
md COJ.tor. 1974) . ) - i |

More rocently. howovor, additional subviral partlclos
have been detected in cardiovirua-infected cells. A
partiode composed of five B polypeptide chains has been:
1dent1f(ed in cells }nfected with EMC ‘or rhinoviruses
(Mcofegor'and Rueckert, 1977) and a 50 S pgrticle composed
. of €, a and y polypeptide chains has been identified in_ -
- Mengo virus<infected cells (bee ot gl., 1978).

Using this informatiod -l‘badkground, experiments
described in this thesis were undertaken to characterize .
more fully the structure of the intact Mengo virion and its
RNA. The dispositlon of the capsid polypeptides with
respect to the external surface of the intact Mengo capsid
have been examined by immunological and iodination ;echniques
and the results compared to the data obtained with other
picornaviruses. The non-capsid polypeptides E and F have

been isolated and partially characterized in an attempt to

assign enzymatic activities to these polypeptides.

s
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II. ROUTINE MATERIALS AND METHODS
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- by filtration through nitrpcellulose filters with a ’oro

sizc_gr 0.22 microns (Millipore CQrporttion. Bo&fprd..li.)}
w Eagle's inul mediun (BME diploid)

'with ‘Earle's salts and glutamine (cataloguo number 0-13)

was obtalnod in povdor'd form from the Grand Islmd Biological'

Company Grand Island, New York. Themedium was diuol’d in
distilled; deionized water and sodium bicarbdbonate was adddd
to a final concentration of 0.12% before filtration. Boforo
use this medium was supplemented with:
(1) Horse serum (Plow leoratoriu, Rockville, Md.)
to a final concentmtion of 5% for growth c":f
cells or 1€ for production of virus, k .
(2) Penicillin G '(Glaxco-Allenburya Ltd., Toronto,
Ont.) and streptomycin sulfate (Sigma Chemical ’
Co., St. Louis, Mo.) to final concentrations of
100 IU and 50 ng/ml respectively. .
This medium was used for:‘rowth of cells in soller bottles,
Blake bottles and tissue éulture fla;ks.
Spinner medium. This medium, used- for growth of cells
in spinners, was identical to Eagle's basal medium except
for the omission of calcium from the starting powder

(minimum essential Eagle's medium F-14, containing spinner

34
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‘Serum al

. v ‘ N
salts - Orﬂl‘lu'md Biological Co.).
Moo 2014 dafholent nadiug-  Composition of vhel

nediun was similar to Ragle's dassl medium (diploid) exceps

" that itmnh«'m the nom! amount of calcium ehlodide .

(400 ag/1) and ne amine asdde thn glutamine. Sodiwm
bicarbonate was added to a final .concentration of Q, 06K
before filtration. Qtirilo neliun was shp@lcncnﬁd! with

1% horse serum and antibiotics as dolcrfﬁai abovi.

. Yirus diluent. Phosphate-buffered l‘iih’ (PBS) of *

lbicco.

fraction V (Gallard-Schlesinger Chemical
rp., Carle Place, N.Y.), 0.002% phenol red
(J.T. Baker Chemical Co., Phillipsdburg, Q.J.) and penicillin

Qverlay diluent. This solution contg;ﬁ;d three times

the normal concentration of Hank's salts, @ix times normal

";conbontrntionl of both Basal Eagle's amino acide (Baltimore

biolpgicalgpuborntory. division bf Bectori Dickinson and
Cénpany. Coékoysvillk, Md.) and MEY vitamin solufion (Gibeo),
ff;e times the usual concentrations of penicillin and ltrcﬁto-
mycin (i.e. 500 IU and 2;0 rg/ml respectively), 9.785 sédiun'
bicafbonatc and 30% inactivated (560 for 45 ;in,),calf
‘serum.. f ‘

verlay. This was prepared by mixing 1 volume
of overlay diluent with 2 volumes of a I.6% solution of
Noble agar (Difco Laboratories, Detroit, Mich.). fn distilled

fater at 450,

\ ..) 

ogt (1954) was supplemented with 0.2% bovine .

. and streptomycin sulfate as 200 IU and 100 Me/ml respectively. &

‘-



Cultured L Cells
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Rarle's L 92dLstfé1n of mouse-flbroblasts (Sanford et ’
gi., 1948) were used for growth and plaque assay of Mengo
virus. They were originally obtained from'the American
Type Cul@ure_Cdllection. Rbckville. Md. Cells were main-
tained in'monolayer culture in l-litee Blake'bottles (Kimble
Products, Oweng-IllinoiS'Co., Toledo, Ohio). When the
cultures had reached confluence the growth media was removed
and the monolayers rinsed with a solution®of O. 25% trypsin’
(leco) in buffer containing 10 mM phosphate PH 7.4, 142.8 mM
sodium chloride and 5.8 mM potassium chloride and incubated
at room temperature until the cells began to detach (1 to 2
minutes’. Cells from one bottle wepe resuspended in BME-

5% H.S. and used to paintain the Blake bottle stock. The
rema;ning'celle were resuspendea in spinner medium and trans-
ferred to 1- or 2-liter spinner flaske ﬂBellco Biological
Glassware, Vineland, N.J.) at a concentration of 2 x 102
cells per hilliliter. Cells were kept in suspensioh by"' .
means Jf a magnetic stirring device while growing at’379.
L cell monolayers were also grown in laréencylindrical
bottles (490 mm x 110 mm in.diameter - Bellco Biolbgical 
Giassware), coated with ﬂetal calf sefum (Flow Laboratoriet}' =
. prior to seeding in order to fac111tate the attachment of
/‘ tells. The roller botties were elther seeded dlreg%ly “
with cells from Blake bott _(Sng Blake bottle of cells .

per roller bottle) or by cells herxested from spinner

. ! . ' » 9
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cultures. :In both cases approximately 10~ cells in a volume
of 100 ml fresh growth medium were added per roller bottle.
The bottles were rotated #t 0.5 rpm overnight.after which
the speed was increased to 1 rpm. Monolayers reached

conflusnce after 48 hours of growth at 370,

Virus
The M’plaque-type variant of Mengo encephalomyo-
carditis virus, originally isolated by Ellem and Colter
(1961) was ysed throughout these studies.

Vifus‘ngch in roller bottles. Growth medium was

poured off confluent monolayersvanduwas repléced by 20 ml
of growth medium (supplemented with 1% horse serum) con-
taining the virus inoculum (about 108 pfu per milliiiter
giving a moi of about 10). The bottles were rotated at

1 rpm for 20 to 24 hours by which time most cells had
lysed; any remaining cells were dislodged from the glass
by shaking, and the infected lysates were pooled.

Virus purification. The procedure used for virus

furification has been described by Ziola and Scraba (1975)
and involved methanol precipitation, treatment with a-
chymotrypsin, differential centrifugation, sedimentation

through® sucrose and equilibrium centrifugation in Cs,S0,.

«

Preparation of radioactively labelled virué\- Confluenf
*

i)

monolayers of L cells in roller bottles were infected with

~ )
i (B
R A

‘ﬁj;?s

-

»>-. .
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Mengo virus in the amino acid deficient medium described
previously. Ninety m{nutes to 2 hours post infection, a

14

mixture of JH- or l*C-labeTed amino acids (New England

Nuclear, Montreal, Eue., tatalogue numbers NET-250 and
NEC-445 respé;tively) were added to a final concentration
of 2 uCi per milliliter and 0.2 pCi per milliliter respect-
1931y. The cells were fotated'fog’an additional 20 to 24
hours before virus was harvested and purifieds

Plaque assay of infectious virus. The procedure

used was that described by Campbell and Colter (1965)..
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III. SURFACE STRUCTURE OF THE MENGO VIRION

Introduction
[
The arrangement of the polypeptides within the picofna-
virus capsid and';he individual roles of ehch polypeptide

have only recently begun to be examined and understood. It

"oposed that VP4 serves as a carrier of D (native)
f} on the surface of polio:virions (Breindl, 1971b)
and fhat'it is the viral:component which recognizes cellular
receptbrs during attachment (Breindl, 197la). Data obtained
with eluted coxsackievirué B3vwas also interpreted as

indicating that VP4 was located on the surface of the

A}

= tive virion (Crowell and Philipson, 1971). though this
ﬁ?l was accepteq, by the Study Group on Picornaviridae
(1975), recent work has challenged this interpretation.
Talbot et al. (1973) showed by complement fixation that VPL4
was not located on the surface of the native FMD virion. 1In
addition, Lonberg-Holm and Butterworth (1976) and Beneke et
A, (1977) have shown that iodingtion of native pol.io virions
with 1251 labeled the VP1 poiyp tide predominantly, with no
labeling of VP4. Iodination of native bovine enterovirus
particles labeled only VPl (Carthew and Martin, 197&3 while
reaction with pyridoxal phosphate followed by reductio; with
3H sodium borohydride labeled VP1l, VP2 and VP3 (Carthew,

1976). In no instance was any labeling of VP4 observed,

sindicating that none of its tyrosine, hystidine or lysine

39

"
Vi -



v | ._ 40
e :'\ . Al

!

residue are exhoata on the external surface of the virus

-

. ."‘

particle. ‘

The identity of the asymmetric structure unis (aby)
and its disposition in the Mengq.yirus cﬁpsid‘(66 coples;
T=1 icosahedral 1aftice)”have been determinedf(ﬁAk)gj 3_.;
1974), but the detailed spatial relationships amomg the
a, B, y and § polypeptides remain to be described. Results.
detailed in this chapter‘show t at.the su?f;;e of the intacy
Mengo.virion is occupied primarily by the a polﬁpeptides,
and to a lesser extent by B. Both enzymatjc iodination
and immunological.tests demonstrated this polypeptide dis-
tribution, and the immun@logical data indicates tha€ the
a polypept}des‘are primarily responsible for attachment of .

the virion to susceptible cells.

»

-

~a

Mateggi;s and Methods -
T

vl

Lactoperoxidase-catalyzed iodinatjon of intact and disrgpte&

virions

These experiments were performed by B.R. Ziola. They
are included in this thesis because the results are cém—
plementary to thé im!pnological\gata.

Solid-s&ate bov%pe lactoperoxidase was prepared by
coupling the enzyme (Sigma Chemical Co.) to CNBr-activated

Sepharose 4B (Pharmacia) by the procedure of David and

Reisfield (1974). The prepération, having a final enzyme
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concentration of 0.5 mg/ml of sgttled beads, was stored at
o o ~
4° in PBS (Dulbecco and Vogt, 1954) conta!n}n& 2'x ;9'5 )

Merthiolate; Aliquots of the enzxm preparation were washed
twice with PBS prior to use. ! . B
Iodi

ation o* intact virioms was accomplished by the
n sequence, of: 7S ul of PBS (or 75 pl PBS con-
1073 M "carrier” Nal), 10 ul of solid-state

addition,l
taining & -
lactoperoxidase suspension, 10 ul of 1251 (150 uCi; Amersham)
and 6 ul #f 0.155'}{202 in PBS. to 100 ug of purifiéd virions
in 200)ilgof PBS. Regétions were allowed to proéeed'dt

room tempe%ature for 1, 15 or 30 minutesy additionalvaliquots
of H,0, beﬁng added at 7.5 minute intervals for the latter
Ltwo incubé%ion times. During the re;ction period, the
mixtures wére continuously agitated in order to keep the
solid-state enzyme in suspension. Reactions were terminated
by the addition of 50 pl of 0.5 M NaI.and 0.2 M NaN3 in PBS,
followed by low speed centrifugatiOn to remove thé lacto-
peroxidase-se%parosé beads. JTodinated virus was separated
from free l251 by centrifugation through a solution of 15%
sucrose in PBS using a Spinco Type 50 rotor (45,000 rpm, 4
hours, 4°). The pelleted virus was resuspended in 0.01 M
sodium phosphate (pH 7.4) containing 2% SDS, and aliquots
containing 50 ug of protein were made 5% in B -mercapto-
ethanol, heated at 100° for 5 minutes and loaded onto ioﬂ
polyacrylamide -0.1% SDS gels ﬁpepared as described by Ziola
and Scraba (1974).

Disrupted virions were prepared by heating 50 ug of
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purified virus_ 1n 100 pl of 0.2% SDS in PBS at 100° for ?
minutes. The conetltuont polypeptides were iodinatod as

above fouowing dilution to 200 p® with PBS. The iodinated

. polypeptides were separated from free 1251 by chromatography
on a Sephadex G-25 (fine) column which was equilibrated

‘with PBS containing 0.1% SDS. The polypeptide—containing
fractions were dialyzed against 0.1% SDS in distilled water, -
then lypphilized. The iodinated polypeptides were resuspended
- in buffer, heated, and subjeq§ed to SDS-gel electrophoresis

as described above.

‘Antisera o ¢

Antigerum specific for the 13.4 S viral capsid sub-
units [(aBy)sl (Mak et al., 1974) was prepared by injecting
rabbits with the subunits purified as described by Mak et
al., 1971. The jnoculation schedule consisﬁed of an intra-
muscular injection of 500 pg of capsid subunits in Freund's
complete adjuvant followed by an jntravenous injection of
500‘pg of subuni%é“ianBS five weeks later. Blood was col-
lected before the immunization procédure (for production of
control serum) %pd two weeks after the intravenous injection.

Antiserum specific for ana + 8 polypeptide mixture
was also prepared. The antigen was purified by heat-

disrupting vi the presence of 2% SDS and 5% g8 -mercapto-

ethanol follow the separation of these two species from
the other capsid polypeptides by electrophoresis in SDS-

polyacrylamide gels. Remazol brilliant blue (RBBR)~-myoglobin
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.and RBBR-1ysozyme (Grj.ffith, 1972) were used as markers to -
locate the region of the ‘gels containing thea and 8 poly-
peptides. These gel segments were excised and emulsified
mechanicaliy in a 1:1 mixture 6f 0.1%.SDS in 0.1 M sodium
phosphate (pH 7.4) and Freund's complete qdjuvant. A -
rabbit was innoculated intramuscularly and subcutaneously
every 14 days with a total of approximately 400 pg of

antigen. Blood was coiiected before‘immunizétion kfor
produttion of Eontrolféerum) and one week following the

- sixth pair of injections.

Antisera specific for the individual a, B, y and 5
viral capsid polypeptides were prepared using th; purified
polypeptideg (Ziola and Scraba, 1975, 19?6).as antigens.
Fractions from a SDS-hydroxylapatite column containing the
1nd1v1dual,polypept1des were dialyzed against 0.1% SDS in
0.01:. iouium phosphate (pH 7.4), and assayed for purlty
by analytical electrophoresis on SDS-polyacrylamide gels.
The immunization schedule con31sted of intravenous injection
into rabbits of 100 pg aliquots of each polypeptide prepara-
tion. Concurrently, 100 pg aliquots of each polypeptide (20
Mg in the case of ) were emulsified with an equal volume of
Freund's complete adjuvant and injected intramuscularly.

The intramuscular injections were repeated six times at two-
week intervals. Blood was cgllected before immunization (for
control serum production) aggﬁgne week after the last

intramuscular injection.

In all cases, the blood was allowed to clot at room
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tcmbﬁrature for one hour and then stored overnight at 4°.

The clot was collectgd by centrifugation at 1000 g for 10 ..
minutes and fhe serum supornafents removed. Serum was | -
divided to 5-ml portions and stored at -20° in the

presence 6f 0.01% sodium azide.

lmmunodiffusion

The procedure use& was a microadaptation of the
double diffusion method of Ouchterlony (1948). A plexiglass
template (1.5 x 1.5 inches with wells 3 mm in diameter con-
taining stainless steel ba;l béarings) was supported on a
2 xl2 inéhes glass slide by short pieces of nylon fishing
line. Melted agarose (1% in PBS or 0.1 M sodium phosphate,
PH 7.2) was poured between the templates'an& slides and
allowed to solidify. The ball bearings were then removed,
the wglls filled with the appropriate dilutions of antigen
and antisera, and the slides incubated for 2 to 3 days at
room temperature in hqmidified chaﬁbers. Following incuba-
tion, the templates were removed and the slides soaked over-
night in PBS. The slides were stained with 0.?5% Coomassie
briliiant blue R (Sigma Chemical Co;) in 9% acgtic acid-45%

methanol and destained in 7.5% acetic acid-5% methanol.

Complement-fixation (CF) tests

a4
A standardized diagnostic complement fixation procedure

was used throughout these studies (Casey, 1965). Hemolysin

and guinea pig complement were obtained from Flow Laboratories
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(Inglewood.‘Ca.). Sheep blood:wal collected in an oqqal
volumeé of Alsever's aolution..ah§ fhe red blood cells al-
loweq to. stabilize at 4° for 3 to?§dayg before using. The
’antigens emgloyed in the assays wer® freshly purified

-intact virioﬁa in 0.1 ¥ sodium phdsphnto:(bﬂ 7.4) or

viriéns which had eenigisﬁﬁpted by heating‘at 5§O for 10
mihutes in 0.1k .| sédium chloride, é.oz;g:sodiqp'phoephate
(pH 6.2). The.conceﬁtratioﬁs of the vifal protein antigens
were adjusted to prroximately'250 png/ml prior to ;aking
serial dilutions. The sera were éiluted 10-fold with

V%ronal buffer and the endogenous complement activity in-
activated by heating at 56° for 30 minutes. Serial dilutions
of the inactivated sera were then made and used in the
assays. Complement-serum controls indicaéed that the anti-g,
-y and -6 sera were anticomplementary_at 5ﬁlutions less

than 1/80 to 1/160. This activity was removed by pre-

treatment with guinea pig complement (Schmidt, 1969).

Plague-neutralization (PN) tests

A standard virus suspension was prepared by diluting

purified virus to a concentration of 1200 PFU/m1, using -
virus diluent. Twofold serial dilutions of sera were made
using virus diluent and 0.2 ml samples mixed with 0.2 ml
aliquots of standard virus suspension. The mixtures were
incubated at 37° Tor 1 hour and then assayed for their |
ability to form plaques in L cell monolayers (Campbell and

Colter, 1965).
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| In certain cases, viral infectlivity is not neutralized
by formation of a simple virus-antibody complex. In such
instances, heterologous anti-globulin must be added to //
produce "neutralization snhancement® (Wadell, 1972). To
test for su;h a phenomenon in this system, plaque neutraliza-
' tion mixtures were set up and incubated for 1 hour as
described above. A further 0.2 ml of virus diluent con-
taining a 200-fold dilution of goat anti-rabbit IgG J&rum
(27.9 mg of antibody protein per milliliter of antiserum;
Miles-Yeda Laboratories) was then added to each test serum
dilution and these were then incubated at 379 for an addi-
tional'hour. Aliquots were then assayed for plaque-forﬁing

ability as described above.

ﬂemagglutingtion—inhibition (HI) tests

The microtechnique of HI titration described by Sever
(1962) was employed. The buffer used for making dilutions was’
0.05 M H4BOg, C.12 M KC1, PH 8.0. Sera were kaolin-adsorbed
(Spence, 1968) prior to making the twofold serial dilutions.
A virus suspension containing & hemagglutination units was
'deed to the serial dilutions of sera énd'incubatedyat~room
temperature for 2 hour;. A 0.5% (v/vj suspension of human
type O erythrocytes in borate buffer (made from a standard-
ized 20% suspeﬁsion of erythrocytes in Alsever's solutimn)
was added to the dilutions and incubated for an additional

hour before reading the results.

>y
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Iodination of intact Mengo virions vh l"!:hlultl
in the incorporation of label primarily into thiﬁi’;QIy-
peptides (Figupo 2A). The B Polypeptides are labeled to a
lesser extent, And only trace amounts of label are found in
the | and pblypeptides. These labolin. conditions (i.e.,
l-minute labeling without carrier Nal) produc§ minimal
capsid alterations so the labeling pattern obs;rvod probably
reflects .the native capsid conformation. Lactoperoxidase-
catalyzed iodina;ion labels the aromatic ring of tyrosine
residues almost exclusively (Phillips and-Morri 970).
Mengo virus a, B, y and ¢ polypeptides cqntain 11, L1l
and 3 tyrosine residues. respectively (Ziola and Scraba, 1975).
Using these two obsérvations, it is possible tO'calculgtc the
relative accessibility of the tyrosine residues of each poly-
peptide to radfbiodination (Table 2). If a random distribu-
tion of tyrosine residues in each polypeptide is assumed, it
can bé estimated that the q polypeptides occupy approximately
75% of the external surface of the virion and the 8 poly-
peptides, 25%. The tyrosine residues of the y and 6 poly-
peptides are apparen}ly not exposed on the exterior of the
virus capsid. |

Addition of 1 x 10~9 M carrier Nal to the l-minute
enzyme-catalyzed reaction resulted in an increaseq‘labeling

of the B8 polypqptides relative to the a polypeptidés (approx-

. Yoo N\
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imately 60% that of a; Pigure 2B; Table 2). The increased
labeling is probably due to a confo:mational rearrangement
of the capgid poiyphptides inducqg by the. incorporation of
iodine;atoms which resulted in additional tygosine residues
becoming accessible. o ‘ " K\

The iodination-induced conformational rearrangement,

was also demonstrated ﬁsing a longer incubation time. After

~

a ls minute reaction period, in the absence of carrier Nal,

the B polypeptides were labeled to nearly the same extent

 as the a polypeptide (Figure 2C, Pable 2). Upon addition -

of carrjer Nal, the labeling of the y and & polypeptides N
also %egan to occur (Figure 2D, Table 2). In gpite of the
conformational rearrangements, the virions were still
largely intact since they could be recovere®.following
sedimentation through 1%% sucrose. However, iodination for
30 minutes (with or w{}hout carrier Nal present) produced
a’degradation of the virus éapsid'suéh that intact virions
could not be recovered follow1ng sedlmentatlon through 15%
sucrose. This phenomenon has also been observed I the
case of bovxne enterovirus (Carthew and Martin, 1974).
,Iodlnation of virus disrupted by heating in SDS
;esuited in a labeling of all four capsid polypeptides in
fhe relative amounts expgpted from their tyrosine'céntents
(Tablé 2). Thus, the observed differences in labeling of
iﬁtaét virions prongly reflects the exposure of tyrosine
‘residues of thé individual capsid polypeptides to the

external environment rather thdn an intrinsic qifficulty in
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iodination of individual tyrosine residues.

Immunodiffusion

The resu%ts o '
disrupted ﬂgﬁgo vifl -&8 antigens are shown in Figures 3A
and ‘B respectively. - They demonstrate that all the specific
antisera have activity against disrupted virions, but that )
only the antiﬁa. anti-8 and anti-af sera react with native
virions. Thus, the antigenic determigﬁnts of the a and 8

pélypeptidg:tare located on the external surface of the

virion, whild those of the Y énd 6 polypeptides are not.

The serum and antigen titers obtained using the . . N
specific sera are shown in Table 3. TablelBA/shows that,
with the exception of the anti-$ serum, ali sera tested had
complement-fixing titers df’apbroximately the same‘oraer‘of
magnifhde. This suggests that the differing sera reacti-
vitiés measured by the‘gther immunological techniques (see
below) were not due to widely varying antibody titers or to
ar absenge of specific antibodies.

Results sﬁown in‘&able 3B indicate that the surface of
the intact Mengo virion is occupied primarily by the a and g
polypeptides. Disruption of the viral capsid produced a
significant increase in the antigen titers for the B and 6

polypeptidgs. Thug. while at least one part of each of the

‘B polypeptides is exposéd to the external environment in the

. .4 ry :
"‘ .
3 ’

5.
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3

Figure 3. Immunodiffusion analyges of whole and dissociated
Mengo virions. Panel A: The center well contained intact
virfons-in 0.1 M sodium phosphate, pH 7.2. Specific antisera
(in the outer wells) were dialyzed against this buffer before
being applied. "C" indicates ¢ontrol (preimmunization) rab-
bit serum. Panel B: The buffer used in this case was PBS,

PH 6.2. After extensive didlysis at room temperature against
this buffer, the Mengo virion capsids had largely dissociated"
into (aBy)e¢ subunits, as assayed by electron microscopy. The
dissociateé virus suspension was added to the center well,
and specific antisera (also dialyzed against PBS) to the
outer wells. “C" indicates control serum. .
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intact virion, a.second part of each must remain buried in
the interior of the caﬁsid and thus dbe inaccessible to
specific antibodies. The antigenic determinants of the

R pdlypeptides appear not to be exposed to tne external
environment since anti-y serum produces a positive CP

\  result only when the virus is disrupted. The fact that
the antigen titer for the anti-a serum remains about the
-same whether the virion is intact or disrupted suggests
that mostwf the a determinants are expoaed on the surface.
of the native virion. '

@
if% ' ‘ No conclusions about the location of the & polypeptide
- could be drawn from these studies, since no CF titer was
observed for the anti-5 serum. Attempts to demonstrate
CF attivity at antigen dilutions less than 1:4 were not
successful because of the ant1 -complementarity of the con-
centrated virus in the antigen contrqQls (whlch was not
alleviated by pretreatment with guinea pig gdmplement) The
.anti-g serum did, however, exhibit act1v1ty 1n the immuno-
dlffusxon test using dlsrupted virus. This dlfference is ®
probablx.explalned by the nlgh sen§1t1vity of the immuno-

diffusion test compared to the CF test (Sechmidt, 1969).

PN, PNE and HI tests

Data obtained from plaque-neutralization, plaque-
neutralization enhancement and'hemagglutination-inhibition
-experiments indicate that only antibodiqp specific for the

a polypeptides were able to block the attachment of virus



to suuc.pﬁiblo cells (Table &). Antibodio- lpocitic for
the 8 polﬂpqptido were not able to do so, even though they -
were able to produco positive rosultl in the ianunodiffuiicni f*ﬁ-
and CP toatl. _ e - ,

The very high relative titers obta;n.d with the anti- ’ﬁ
: a!v ‘Sserum are prodbably due to the fact that the nnttcon ucod

to produge this serum was in an undenatured form, lo all

the other sera were produced using SDS-denatured po eptide
antigens. The low ‘titers of the anti-apB and anti-a 8era

were probably not due to the respective omission of y and

By polypeptides from the immunizing ;nfigen mixture since

the addition of anti-B and/or anti-y serum to the anti-a

serum (or, similarly, the addition of anti—y serum to the

anti- -aB serum) did not produce an increase in the PN, PNE

or HI titers. Also, the simiLarit1es in CF titer for the

anti-a , -8 and -y sera 1ndicate that the inability of the :
B and/or y. polypeptides to produce n;utralizing antibodies |
wgé not due to their dendturation by SPS, since the a poly-
peptide was in a similar state. Thus, the PN, PNE and HI

tests demonstrate that the a polypeptides alone are

responsible for the initial attachment of Mengo virions to

receptors on L cells and human ®rythrocytes.

-
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* Exprossed as the recigrecal of the highest dilu-

tipn of sorwmn resulting in a 30% inhilidien of virus
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* Expressed as the recigrocal of the highest dilu-

tion of serum that blecked hemaggiutination by ¢

- HAU of Human type O colls (an 1.5% suspen-
sions ia Yuffor) wore used. .

 N.T., not testhd.

i
¥
.
-".'
‘.'
3 -~
- 1
> ~
v,
.
..
4
™ ¥
- ' °
N =T N
“« - Fy
A 4 »
. L 4

56



) [ | 57

| \ iodinﬁt,ion "intuct lohgo virions has demonstrated that the
surface chartctbriatiéﬁ of the virion are contributed mainly
by the 1 and - to a lesser extent - the B polypeptides.
This. finding is in general agreement with that roporto;/:)
for several other picornaviruses. Iodination of rhino-
virus typo 2 ruultod in incorporation of 1251 pg}mny
into VPQ‘Polypeptides with small amounts of radioactivity
being faﬁnd in tpe.VPL.and VP3 polypeptides (Lonberg- ’
Holm ‘and Butterworth, 1976). Similar experiments with FMDV
(Talbbt'gj ad-, 19731 Sanger et al., 1976), bovine entero-
virus (Carthéw and Martin, 1974) and poliovirus (Lonberg-
Holm and Butterworth, 1976) all demonstratéd almost
exclusive iodination of VP1. 1In no instance was 14771
incorporated into the VP4 polypeptides of an intact‘pico—
rnavirus. The lack of labeling was not due to a lack of
tyrosing\;esidues in this polypeptide species since VP4/
VPO in empty capsid structures did incoéiorate label (Carthew
and Martin, 1974;  Lonberg-Holm and Butterworth,.-1976).
Empty capsids are not produced in vivo by Mengo virus, nor
‘can they be formed in vitro, but each of the & polypeptides
does contain three tyrosine residues (Ziola and Scraba,
1975), and these are readily iodinated when the capsid
structure is disrupted (Figure 2D). Thus a general feature
of the picornavirus capsid appears to be that one of the
three largest polypeptide species contributes most of the
external sur}ace characteristics, with one or both of the

others making minor contributions.
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Some degree of caution 1is necessary, houivgr. when

interpreting the roeultn of lodination oxaprinontn. Unless

"

the correct labeling period and roaction conditionl are

J)

chosen, extensive iodination can cause oxtcn.ivo conforma- ,
‘tional changoa and even dogradntion of tho capsiad ltructurc
(Carthew and Iirtin, 1974; Table 2).. Thus polypeptides
which npriﬁlly do not have tyrosine residues exposed to’

" the external environment may appﬁnr,fp be part of thee
external.capsid structure. In addition, the assumption
that the tyrosine resjdues are randomly distributed along

a polypeptide chain may not be correct, and a polypeptide
which is partially expésed on the exterior of the capsid
may not be detected ‘if all',f its tyrosine residues are
buried in the interior.

- Reactions ‘ofaintact Mengo yirions with antisera
specific for individual polypeptides have confirmed the
iodination results. Immunodiffusion and complement fixation
experiments showed that only the a and 8 polypeptidos are
exposed on the external surface of the capsid"§45ure 3A,
Table 3B). The yand 6 polypeptides appear to occupy
internal locations. and their antigenic determinants are
only exposed to the external e;;ironment when the capsid
is disrupted (Figure 3B, Table BB).?‘mhus. neither the
tyrosine residues'nor the antigen;,,é;terminants of the v

and 4 polypeptide species are locafed on the external
s

‘ﬂ‘
Rowlands et gl. (1971) showed by studies on the

& W

surface of the virion.
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l .
immunogenicity of trypsin-treated FMDV that VPl wae respons-
ible for the stimulation of -neutralizing antibodles to the

o

Results of the-HI, PN and PNE 'tests reported here

virus.

demonstrated that the analogous g polypeptides are respons-
"1bio for the attachment of Mengo virlons. to suncoptiblo
celis((Tablé k). Antisera specific_for the B, y or & poly-
peptides did not contain neutralizing activity. This is
especially interesting in the case of B, which was shown
by CP and immunodiffusion tests fv bo at least partially
exposed on the exterior of the intact capsid. Apparently,
binding of anti-B antibodies to the surface of the Mengo
virion does not iﬁhibit its attachment to cellular receptors.
It has been demonstrated that the ability of polio-
and rhinovirions to attach to cells is dependent on the
native or D conformation of the virus capsid. Alteration
of the conformation to the C form results in a loss of
infecfivity. The location of the site(s) responsible for
attachment to cells and for binding of neutralizing anti-
bodies in the D form'hqg been the subject of some contro-
versy. Breindl (1971a,b) proposed that the VP4 polypeptides
expressed these activities, -since the D to C conformational
change was accompaniéd by the loss of VP4 (Crowell and
Philipson, 19Al; Korant et al., 1972). An alternative
model has beejtproposed in which the D and C forms regflect
different polypeptide conformations on the surface of the

virion, with the attachment of virions to cells being

o
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dependent on the presence of the erttire intact D surface
confom'tion (Noble and Lonberg-~Holm, 1973 Korant ¢t al.,

1975 Buttorwo;th 2t al-, 1975). Ensymatic iodlnaﬁﬂ'r

studies of empty capsi@s (C conformation) provided data

which is coﬁai,toq! with the hypothesis. Nuéurally-occu:ring (‘\\
empty capsidle ofttbvlno enterovirus uhowod-incronnod iaboling
of‘VPO and VP3; in confrast to the native virion which;yan
labeled in VPl only (Carthew and Magtin, 1974). Artificially
produced emﬁty capsids of poliovifus incorporated an incrgased
amount of 125, into the VP2 polypeptides, while intact virus
was. labeled primarily in the VPl polypeptides (LonﬁQrg-Holm
and Butterworth, 1976; Beneke et al., 197?). 1In no cAse was
VP4 in an intact virion labeled by'surface-active reagents;
The presence of two isoelectric forms of picornavirﬁseso

(Mandel, 1971; Chlumecka et al., 1973; Korant et al., 1975)

is also consistent with the second model.
The inability of cardiovifusos to form stable empty
capsids has prevented the extension og the xberiments
described above fo the Mengo virion. Howeéer. the data
presented in this chapter is still compatible with the .
second model, with the qualificaﬁion that only one poly-
peptide, a, pdssesses the immunogenic and cell attachment
sites. The same would appear to be true for FMDV (Cayanagh

et al., 1977).



IV. ISOLATION AND puq-m c)wucnuzutou oF MENGOVIRUS-
SPECIFIC POLYPEPTIDES E, P AND VP( TN
Antredquction
° dhoovory ot an RNA-‘opmdont m polynruo (RNA |
replh}c‘e) activity in picom.vm:-infoctod cells (Baltimore
and Pranklin, 1962| Baltimore _9_1“.. 1963b; Dalgarno and.
Martin, 1965) "l pronpted much ruurch in an effort to
identify and chu’lctorize the viral polypeptide(s) respon-
siblg for 4his actlv_ity. Resulﬁ of s'uch studies have sug-
gested that NCVP‘O (E) (Rosenberg ¢t al., 1972; Lundquist ot
Al+s» 1974 Loesch and Arlinghaus, 1975; Traub ¢t.al., 1976;
Polatnick et al., 1967), NCVP1 (A) (R8der and Koschel, 1975)
or ﬁCVPZ (D) (Korant, 1975) plays some role in RNA replicase
activity. However, in only two instances has a template-
dependent replicas; activity been demonstrated (Traud g_t‘ ale,
1976; Planegan and Baltimore, 1977).
The covalent linkage of a small protein (termed VPg)
of molecular weight about 4,000 to the 5°-end of virion RNA.
has .been repoi'ted for EMC, polio and FMD viruses (Hruby and
Roberts, 1978; Lee et al., 1976; Sanger et gl., 1977). It
.haé been suggested that VP; may play some role in initiation
ofkviral RNA ‘synthesis (Flanegan‘ﬂ al., 19773 Nomoto et al.,
1977)- B
| Cor‘npar"atively fittlel work has been Mone to examine the
proteolytic processes by which the stable capsid and noncapsid

61
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XC1 and 18 1P-40 (*lysis bufferg®; 1 - 2 ml per.roller bottle

., Of cells)’ Muclei were removed Sy low speed Qontrimption' |
- . . ~
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.._, g for IO lin, ‘and tho lysate clarified by centrifuga-
n a BW.50.1 rotor at 37,000 z:p- at lo° for 1 hr. The .
‘_ ttnt tre- this step, denoted 837. uia -ubooqucntly

z

. Antiserum directed 'mihs't the capsid proteins of

A

l-nco vim ‘was prepared in rabdbits using hent-diaiuptod

(369 .f.or 10 min) virions as antigen. Immunization was ‘
mithto{ by injection of 250 ug protein intnvenously plus
250 He Mtbmmlarlya tho intrmscular injection aliquot
50311; mpcndod in an oqul volume of Fround s.complete '
adjuvnnt an&PBS Pourteen d\.?t after thg first injections,
an udditiond 250 re o’ dinruptod virus antigen was injected
intnvenoully, followd at 4 dq intervals by additional
intnvcnouo injactiona. | od was collected one waek aftor
_ thu tourth 1ntrcvonoua injecti  and serum prepo.red by al-
 ‘ )Iiu it. to clot nt room’ tempera’ u" for 1 hg and then stand
ovomight qt ho bofore eontrif*uglng (1\06\3 for 10 min).
| ‘ﬂn IJG ’frﬁtion m plh;ifiod from serum by ar
.I.pittntion tollbiod. by chroutograpny on DE-
jatman Biochcﬂoah I.t&-‘ and lyopbyliution of the frac-

tiont containlng anfi-“ 1gG's.

nium gulfate

éllulose

\

l . m from 20 ml of immq serup was resuspended in 15
ll or 0,01 . sodium pholmto ApH 7. 2) and mmd ovomight

gt b’ vitb 1 s ofxun-qu 10 uno-u ubomouu). a N-

L
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through ita free amino groups (Cuatrocam md Parikh. 1972).
Following coupling, the geL—-i-obuiud antibody was washed

with ,FBS and poured into a column with dimm (diameter 2 :

_ x longth) of 0.8 x 25 cs. The column was mh.d with 0.1 f

-

TRIS-HCI containing 3.0 ] NaSCN and 1% n—uo ('olutioq

Ry

PR
‘buffer®) and then oquuuu-atod with the appmrnto lycio R

buffer. ) :

37 infected cell- lysates (2 ~ 3 nl) were loaded onto
the column at 490 and washed 'ihrou?{t at. fﬂ!w rate of 0.5 -
1.0 m1/hr. The protein peak, as monit ﬁy‘mdioacﬁvity,
was pooled ‘and used ir;, the proced.ures dotailod below. The .
eoluum was recyclec washing \d.th clution bui’fer followed
by equilibx:ation lesis buffer. -

oxvlapatite togr
_¥When m in this pmcedure. the infected-cell lycato
nfe mado j.nm (minus ca #and lg saltﬂ containing 1%

. NPnl&O and)tho affinity colum was cquilibrated with the seme

buffer. ' . o ' . \
Al nl aliquot of the noncapsid polypeptido poak from |
the affinity oelunn was made 2% sns and 5% B-norcuptoethancl.
then heated at 100° for 5 min. rho sclution was then dnutoq
’-fold with 0.01 N sodium phosphate {pH 6 2). and loaded

~ onto a 0.8 x 15 ot column of DNA. grnde hydmxylapatito (Mo-

. bu‘rtcr;;)a:_‘ Attor ng;»!.g. ‘with 3 to 4 bed voh‘- oj «1“

Rad’ Iabontorios) oquilibuted with 0.01 N sod:lun phoophat‘g

(pH 6.2) coutu)ﬂ.n‘ 0. 11 SDS:‘and 1 g dithi__”_ '

S
.1_‘., .

Y
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buttor. tho polypopti.dn were .lntod at a flow rate of &4 ml/

“hr with a u?n,t gradtent derived from 0.1 ) sodiud phosphate

“;.rt‘;

(pll 6.2) and 0.6 'y -odiu- phoqphcto (pl-l 6.2)4 both buffers
contahun; 0.1‘ SDS and 1 . dithiothreitol (D’I‘l‘) Aliquots
of mctiom vnro cpottod on riltq- discs which \uro &rhd .

'md countod uaing p tolnom—buod huor. .Conductivity

-nommonts of uhcted rnctim were converted to molarity

of phosnhate by uain¢ a standard curve. s.lected peaks from
the column were pooled as 1ndicatod in H.curo 9, dialyu/d

against. 0.1€ SDS -in diatilled water and lyephilized. l/liquots

were resuspendcd in 0.01 l sodium phosphate (pH 7. 2) con~

tein‘lng 2(315 and 9% B-ercaptoethanol heated nt 100° for

5 min and subjected to erctrophoretic analysis on 10%

polyacrylamide—o 1% SDS gels as described by 2iola and Seraba

(1974) . . . e |
- gel cat tozrep s
' Lyophyllzed pools 2 and 3 from the Sm-wdroxylapatite

coluhn were uch suspended 1n 0.3 ml distilled water, and SD§

" and s—mercuptoothmol added to l“md 5% final concontrabions.

roppectivcly. rm r‘cuepondeq material was heatod at. 100°

o "tor 5 min and thon loaded onto upu‘ate 1.5 cm x 80 em

colunns of G-loo auperfine Sepham (Phnmacil) equilibrated

. . with 0.1 ¥ codium pho.ph:t.} Qp}( 7.2) eontammg 0.1% SDS and
1 . n'n' , ‘mu columa were oporatu at a flow rau of 4 ml/

llt. nnd tue.tim of 1. 0 nl mq_’llccted m{ mitorod for

Wu«w as dygctibod sbove, uiquoh were. rmvod tron
a4

h R
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~ then diu.vud against 0.01 N sodium phoaphatc (pH 7.2) con--

. B
- 6

g

each of the poolod rpgioﬂ: ipdicatcd in Piguroc 13 and lb,
dialyzed agu.mt 0. 1’ SIB 1n ‘Hntim \mt.n and lyophilizod.”f'
The SDS-protpﬁx residues nri rompcnﬁo‘ in 0.01°N, scdium
phosphate, (pH 7.2) and’ the final SDS and B-mcrcnptoothanol
concentntions adjusted to 2% and 5% moctivoly: ’ollowin;\
heating at hoo® tdr 'S min, the polypoptldo couposition of

each peak in Figures 13 and 14 was determined by electro-
Phoresis in 105 polyncryltnido-o 1%£ SDS g.la.

o

Iﬁfgcted-cell lytatoa prioduced tor this procedure were
pended in PBSo(minua 0a*? and Mg*z salts) con-

1 and 1% NR-40, or 0.05 M TRIS-HCl (pH 8.0) con-
' 0.05 M sodium phosphate, 0.05 M KC1 and 1% NP-.40.
ol equilibrated with . .

the same buffer in which fhe cell lysa e Jhs made. A 1.5 x
50 cm column of Bio-Gel A=5 m, ‘200 - ¥00 mesh (Bio-Rad |

Laboratorigp) was also equilibrated with the same buffer in .{
Which'the'cell‘lysate was made. A 1. 0 ml aliquot of the non- ‘

capsid polypeptide peak from the affinity column was chrom-

_atographed at 4° on the Bio-Gel column using a flow rate of

6.0 ml/hr. One ml fractions were collected and monitored for

radioaotivi€y.i _
Aliguots from selected areas of the Ppeaks were made %
~ 8DS m‘ 5% a-mrcaptoetrnnol heated at 1ooo for § min and

"t

o




© talning 28 SIS amh 5% g-mertaptasthancl. The dialyisd .
) aliquotc were subjected to o;octrophorotic analysis in 10%

‘polyecryluidc-o lﬁ SIB ‘oh. .
SN

td mcttan‘ -nmxh. 100 ul of onzy-o
preparation was added to 100 ul ‘of assay nixturo, the ﬁnal
'concentr.tion of reagents being: 0.05 ¥ TRIS1HCI (pH 8.0),
0.05 ¥ x01 0.005 u DIT, 0.5 g GTP, 0. 5 BM CTP, 0.5 g ATP,
20 pct 3H-urp/m1 0.01' NeCl;, 2 pg actinomyein D/hi. 1.0 oM
.7‘ phdsphoenolpymvic acid (m). and 20 ng pyruvate kinase/ml.

AN
-

i .’ -In th:w usaya in which they were included, the final con-
éentrati of l.ngo viral RNA and oligo(g) al-19 vere .
20 pg/ml and#.0 )\'/ml Gctively. The reactibn mixture -

was inéﬂ‘bated at 37 ‘ amj..qt appropriate 1ntervul s

aliquot of 40 ul was removed and sp@tted guto ﬁlﬁor pape" ‘

~which had been sosked with a. lolution t:ontaining 0.1 !

sodium EDTA and 25 mM sedium pyrophosphate (pH 7.0), thgn ;"

dried. The filto; __papei; discs were washed for 30 ninswff

cold (0°) 10% ¢r
with cold 5% TCAv ;ﬂna'lly with 955 ethanol. The'dinc«l
)wert allowed to dry and the TCA-insoluble radioactivity

proacetic acid (TCA), twice for 10 m

measured using a to'luene-baud fluor.

- The unlabelvd nucleotidee woro obtained irom Terochem .

Lnborntorie‘ Limited, DTT was’fwvom Bio Rad, “H-UTP (sz-aeo) .

. m New Bnglmd Nuclear, . ctinowcin D was frop lann
. uoarch. PEP and pyrﬁv;to kinase were fron ldm lnd

’

$
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oligo(ru)u 19. was from anaboutivo Research. .ongo vin}‘ '
RNA was Wd froms froshly purified W virions as
ducribod .by Soraba gt ﬂ. . (1967). Sodihtnta&l "1001“7“‘
% runs qf the virad RNA were carried out in u SDano -odnl B
ultmcntriruqo before use: in the uw in omr % qurl

RS
T e . e

that the viral RNA was intact (35 s) and. hondgomoul.

® e .

o | ST L.
: Infaotcd cell ext ed as outlined above, Q’
t‘e only:. difference being e e %for in this case v '

P W% 0.05 mglildedher (i g'.0) . fRaining 0.05 ¥ KC1 and 1%
NP-4O. A f poly(a) sepharose (Phdm‘ucia),'of, dimen- *, )“ )
" ‘siong 0.4 hwas prepared snd washed with 0.1 § TRIS- - - ' 5§§
* HC1 (pH 8. 'nﬂainin; 90% ‘formamide. The column was ‘then e

o Qquilibrated with the.lysis butfor‘. A one-ml aliquot of
tho 17 1nfoct0d-ccll lysate was loaded onto the column, |
uhich was then nﬂng‘kh lysis buffer (4°) at a flow rate ~
lof ) ml/hr. After co¥ecting 20 1-ml fractions, the buffor - ’
was cmanged to‘ 05 M TRIS-HC1 (p}{ 8,0) containing 1.0 M

’»_Kcl and 1% - NP-#O and an additioml 20 fractions were col-
r}».. locﬁd \ Th% tractione were monitored for radloactivity, _
and lliquots of thée radioactive ponks were made 2% SDS and

2 B-mercaptoethanol, heated at 100° for 5 min and then

;-""dial,yzﬂ qasn-t 0.01. ¥ sodium. phonpmte (pi 7.2) .gontaining

*Sﬂ a.nd 5% marcgptoethanol.- 'rho polypbptido conponentn
r ape gysed by ol,cetrovhofff; e 14 e
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B zioh arfd Scrbn 51975) ‘The RNA puk u dctoatc% k Jr“"'
ubtorbmco‘\at 260 nm, was pooled and dialysed txtoncl’y . o
" minst 0.01 ¥ ‘sodium phosphnto (pH 7.2) to remove “the sns. “’ -rm
'RNA was precipitated Py the addition of 2§ volumes bf cold
95% ethénol snd atong\fvomim at -20°% It was them col-
lected by contri!\\'nut& aty15,000. rpa for 50 min in & / ,
JA-20 rotor (Bocku.n) at 4°, The RNA pcllot wae rosucpondod
in, 400 u1 of Q.01 ]‘?nzs-acl (pH 7.0) and divided into two | .
.qmwaquou. RMase A (P-1 Biodighicals)} RNase T1 -1
Biochemicals) and bovlnc serum albumin (sun) wers wdded . e

"$o sach sample at fim.l concentmtiom of 50 ug/ml, 100

-

unit!/.l ‘and 400 p(/ul. m-pcctivolygnoth ulplu vuro ~ “

‘ mmbntod in polypmpylcne tubés at for 1§ hr. | )
Ptfdtgimsq_ K-m Chemicals) ‘was thhp added to one smple - T j
to a finul'conco;xﬁr‘;tion'of 200 pug/ml, and both samples ‘Q‘ -

were incubated for an q“&tionai’ I br at 37°. " Following ‘ Lo
1nou|ltion. Attu n-.lu wors prcqipu;;t.d by the addition BN
of J 'volumes of acotonc.. ?he procipitatod md\wts were.

'thvn analyzed vy electmphorpn;s in J,Oﬁ ,olyncrytulde- o

“W" lDS gclt-“"_ , ilid ??5
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s .A Wuuvg so8 mﬂw‘- gl ptm of an
- inftc$04 c:?l Jysate ( with. 1“0 amino acids) boforo
’ ""?ho 32,000 rpm ccntni on step is shown in ﬂlsurc u.
*7 ruti‘ “ftorn is identical te that observed pr371ou-1y for
'«,’f' !ongo virus (Paucha gt al., 1991&) aﬁ is very similar to
those produced by ctho’ picorglﬁiruso. (Summers and llizol.
1968, Buttomrth‘“ﬁ &1, %1971). ﬂctum TN wae
addnd at 5 hv «i. to preven®f any further initiation of .
~viral RNA t;anulation (MacDonald and Goldberg, 1970; Taber
%93 al.7 I971) Paucha gt al., 1974), and all pre-existing .-
precursor polypeptides were cleaved to stable ond-producta

-

J:»'

-

during the subsequent 1 hr chase period (Piguro 4). Thir\
t

procgdure was ¥ because the capsid precursors were no
totally rmo.vd"‘ the lysate during the subsﬁ;uqnt af-
ﬁ.nity chromatoguphy step. - v

‘ Centriﬁxgation of the lysate at 37,000 rpm for 1 hr
temoved those cellular structures whose sedimentation co-
efficient was greater than 60 S (ribosomes, polysomes,
nitochondrin) Also found !n the pellet was a, majority of
the viral capsid proteins (Pigure 5). The supernatant from
thia step contai.nod primarily the stable non-»capsid polyr '
jcptidnt. but varying relidual amounts of the cmu |
polypopﬁ‘u were also preoﬁt (Pigure 6) '

-
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Ye b Elogxrophornll in 0. 1‘ ' % polyacrylamide
3. 8 of an L oell lysate at the initial stage of purifica-
tion ().e. before the 37,000 centr tion ste

- -Infected cells were pullc-llb od with ~amino ac ds for

30 min at 4.5 hr po-t-infoction, and then incubated fgr

1 pr-in the preunce of unlabeled amino acdids and

lootropbo :ll At 8 aA/gel

' 'g“hr, .tho g'll Ten on ce and slioced mto :

1 &am fractiens uai ng a brass tes ntg. The slices. were

" ingubated ove with 0.3 ml df witer in
Ngg tl:?u ub!liur Amersham). mgtgity was
: following the adsitio

of §$ ml of toluene-based
rtouch(tluuco. T o o

v
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Pigure 5. Electrophoretic analysis on 0.1% SDS-10% poly-
acrylamide gels of the pellet obtained from the 37,000~ rpm
centri tion step. Lysates of infected cells (labeled
with 1%C-amino acids) were centrifuged at 37,000 rpa for
1 hr in a SW 50.1 rotor at 4O, The pellet was re ed
. in 0.01 ¥ sodium phosphate (pH 7.2) containing 24 SB8 and

5% reaptoethanol and heated at 1009 for 5 min before
be loaded onto the gels. Electrophoresis was at 8 mA/ )
gel for 20 hri sudsequently 1 mm gel slices were obtained
and assayed for radioactivity.

/o



Pisuro 6. Electrophorotié ana.l;lh‘ on 0.1% m-lﬁ poly-
acrylamide gels of the: ermatent obtained from the 37,000
rpm contrtMt!on te -(‘gl)

P *). Pollow trimcation o
of the lysate,-an aliguot tho Q tanf. was analyged -
vy eloctrophomii as ducrtbod logmd for Ptmc h, =

& r
=4



(Pool 1) m ussd &Mﬁt mﬂm The oolu* %
was rocxclod by rc.ovi.u dbound omu po:.ndp‘um uoh‘ ‘@
a buffer contdninc 3.0-) NaSCN. Such an dﬂnl.ty ool\q
wes stable §¢ seversl veeln ! 4° amd could be used
repeqtedly for this adlorptlon pmodu'n“' An sﬁ-polr-' ~
srylemide 551 proﬁlo of. the my
the afﬂn!.g dolumn is shown
_-that the qj‘pu polypeptides hnvo been oailot.ly resoved, |
leaving 6nly the non-capsid and unlabeled host, L cell 3 P
‘polypcptidu n. the lysate. | . T \

':The elution profile obtained when the affiniig golumn-
‘adsorbed lysa.fc ‘.o' subjected to ohroustogr'aphy on hydrolw- '
lapatite in the presence of SDE 13 shown in ru\m 9. The .
size of the ﬁrlt sajor peak, élut botvun 0.3 and 0.35 § ' "
sodium phosphato, vnrhd consid utl‘ tron puparation ‘t0 -

pr.muom m.'lnu of t“l'ppak By 308

(A v_l
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Figure 9. Sﬂs-hydroxg}xﬁ;tite chromatography of 3H-amirfo
acid-labeled noncapsi&  polypeptides from Peol 1 of .the

affinity chromatography column '(Figure 7). The poly- J
peptides were eluted from the column by a 140 ml phosphate
gradient, (pH 6.2) construocted from 70 ml of 0.1 M sodium
phosphate and 70 ml of 0.6 M sodium phosphate; both buffers NG
“containing 0.1% SDS -and 1 DTT. The numbers 1 to 3 ’
identify the sets of fractions (1.0 ml) which were pooled

for subsequent analysis. :

P

»



(X

‘prosent (not shom)s Tho prn.neo of thio pnk w

ocourred during the purificution proeoduros. sns-pOly-

-~ .,

“acrylamide gel analysis of pools 1, 2 and 3 fron Pi¢uro 9 /;“

is shown.in Pigures 10, 11 and 12, respectivolyu 2001’1

'_contained noncapsid polypeptide H plus a speoles'migreting

slightly faster than polypeptide P. This second spoeder

“may reprosont a sqallor. dogrtdod form of r Qyt politivo
\identificatiqn has not been made. Pool 2 contained,the

'viral noncepsid polypeptides F and G plus sevefal host

Pool 3 was composed of. the ndncapsid pol ptfdes'E eﬁd'I1‘
and several host. polypehtides.

13. A 81m11ar peltern was observed when the E plus I poly-
peptide mixture was chromatographed on sephadex Qfagur lb
Analy;ls by SDS-polyacrylamide gel electrophO{es1s reveé

thgt peak 1 in Flgure la contained polypeptide ¥ plus about

5 hosjbccq* polypeptides while peak 2 ccyxtened pure poly-
peptl (Figure 15). Slmllarl , Figure 16 shows that o
peak 1 from Figure 14 contained polypept&de E plus about

4 hodt cell polypfptides. " Peak 2 contained pure I.
Thus, using this two-colquszgcedgre, relatively
pure preparations‘of E, F' G and hav:”been obtained.
Although it- ‘was not attempted in this study, polypeptlde’
H could probably be separated from the other maln polypeptlde
. e _ ;
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Figure 10.. Electrophoretic analysis on O-l%:
acrylamide gels df the noncapsid polypeptides fou
. Pool 1 from the SDS-hydroxylapatite column (Figure 9
. The Pool 1 region was dialyzed against 0.1% SDS in distilled
.water, and lyophilized. Aliquots were suspended in 0.01 M ‘
. sodium phosphate ¢pH 7.2), and SDS and 8 -mercaptoethanol
- were added to 2% and 5% final concentrations. The -sample
was heated at 100° for 5 min before being spb?ected to
electrophoresis. The bars above the profile (labeled "g")
indicate the position of Coomassie Blue-stained bands.
Blectrophoresis was at 6 mA/gel for 12 hr. Conditions for
fractionation of the gels and radioactivity counting were
the same as those described in the legend to Figure U
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Figure 11. Electrophoretic analysis on 0.1% SDS~-10% poly- .
acrylamide gels of the noncapsid polypeptides found in Pool

2 from the SDS-h$droxylapatite column (Figure 9). The - /
sample was prepared and electrophoresed as described in

Figure 10. Bars above the profile Iabeled "s" indicate the
position of Coomassie Blue-stained bands.
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Figure 12. Electrophoretic analysis on 0.1% SDS-10% poly-
acrylamide gels of the noncapsid polyprtidee found in Pool
3 from the SDS-hydroxylapatite column (Figure 9). The
sample was prepared and electrophoresed as described in
Figure 10.. Bars above the profile labeled "s"” indicate the
position of Coomassie Blue-stained bands.
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' Pigure 13. SDS-Sephadex G-100 chromatography of -the non-
capsid polypeptides from Pool 2 of. the SDS-hydroxylapatite
column ?Figure 9). The dialyzed, lyophilized pooled -

. fractions were resuspended in 0.3 ml distilled water, and -
the concentrations of SDS and B-mercaptoethanol Justed to
2% and 5%, respectively. The sample was heated a™ 100° for
5 min and then chromatographed on the G-100 superfine
Sephadex column. The column was eluted with 0.1 M sodium
ghosphate_(pﬂ 7.2) containing 0.1% SDS at a flow rate of

.0 ml/hr, and 0.5 ml fractions were collected.  An aliquot
of each fractlon wag assayed for radioactivity. The :
nﬂm?ers 1l and 2 refer to the sets of fractions which were
pooled. . : ’ .



, , '
‘ . -
. Q ' v
N L
.
] 3 * B
\
" x. -
2 | .
p )
b (
-
. a .
-
N |
K .
¥ ,
-
| —— = —t— ')
0 . 20 40 60

Fraction Number

Figure 14. SDS-Sephadex G-100 chromatography of the non-
capsid polypeptides from Pool '3 of the SDS-hydroxylapatite
column (Figure 9). The material was prepared and chroma-
tographed as described in:Figure 13. The numbers 1 and 2
refer to the sets of fractions which were pooled.
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Figure 15. Electrophoretic analysis on 0.1% SDS~10% poly-
acrylamide gels oY the noncapsid polypeptides following
fractionation by G-100 Sephadex chromatography (Figure ).
Aligquots of Pools 1 and 2 (Figure 13) were‘dialyzed aga¥nst
0.1% SDS in water, lyophilized and prepared for electro-
phoresis as degcribed in Figure 10. Material present in
Pool 1 ig represented by the solid line, while the dashed
line represents material found in Pool 2. The conditions
for electrophoresis, fractionation of gels and radloactivity
determination were the same as those described in Figure 10.
The bars labeled "s" indicate the position of Coomassie
Blue-stained bands in the.gel containing polypeptide F. No
such bands were observed in the gel containing polypeptide
G.
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Figure 16. Electrophoretic analysis on 0.1% SDS-10% polyys
acrylamide gels of the noncapsid polypeptides following
fractionation by G-100 Sephadex chromatography (Figure 1l#).
Samples were prepared as in Figure 15. Material present
in Pool 1 is represented by the solid line while the dashed
line represents material_ found in Pool 2. The conditions
for electrophoresis, fractionMtion of gels and radiocactivity
determination were as described in Figure 10. The bars
labeled "s" indicate the position of Coomassie Blue-stained
bands in the gel containing polypeptide E. No such bands
were observed in the gel containing polypept¥de I.

2
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present in Pool 1 by chromatography on aph:dox. Preliminary

experiments hl‘o indlq,tod that -these polypeptide prepara-
tions are luitnb%o for us@mas antigens to raise specific
ant;bodin in rat;kitl. SDS-conplo_:to-d polypeptides have . ‘
frequently been used to produce specific antiserus (Johnson
gt al., 1972, Pederson and Eddy, 1974; Croft % al., 1974
Stumph et gl., 1974; Lund et al., 1977). The host cell
polypeptides present in the E and F pools shoﬁld.poce no
difficulty since L cell proteins are poor antigens in

rabbits (Eva,Péucha. perdbnal communication).

Separation of undenatured vi:gl noncapsid polypeptides i

Chromatography on Bio-Gel A-5m pf the material from .
the affinity column (Pool 1, Figure 7), employing PBS (minus

+2 and‘Mg+2"saits) containing 1% NP-40 as the lysis and

Ca
column buffer, produced tﬁe profiiq shown %n Figure 17.
Analysis by SDS-polyacrylamide gel electrophoresis of the
pools indicated on the graph showed that the leading edge
of peak 1 (Pool 1) contained F as&!he only noncapsid viral
polypeptide (Figure 18). Also present were 5 host poly-
peptides with similar molecular weights. Pool 2 also con-
tdined polypeptide F, but large amounts of polypeptides G,
/g;and I were also present (Figure 19), Pool 3, thei;railing
edge of the first peak, contained primarily polypeptide F
‘but there was some indication of small amounts of higher

molecular weight labeled contaminants (Figure 20). . Ap-

proximately 5 host polypeptides were also present. Pool 4

A

AN

~-
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Figure 17." Chromatography of 146_amino acid-labeled non-
capsid polypeptides from Pool 1 of the affinity chromato-
graphy column (Figure 7) on Bio-Gel A-5m. Column and

lysis buffer were PBS (minus Ca+2. and Mg*2 salts) con-
taining 1% NP-40. Thg numbers 1 to 4 refer to the sets of
fractions which were pooled. The Bio-Gel column was &luted
at a flow rate of 6.0 ml/hr. Fractions of 1 ml were col-
lected, and an aliquot of each assayed for radioactivity.
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Figure 18. Electrophoretic analysis on 0.1% SDS-10% poly-
acrylamide gels of the polypeptides found in Pool 1 from
the Bio-Gel A-5m column (Pigure 17). An aliquot of the
gool was made 2% SDS and 5% B-mercaptoethanol, heated at
00° for S min and then dialyzed against 0.01 M sodium
phosphate (pH 7.2) containing 2% SDS and 5% B-mercapto-
ethanol. The dialyzed material was subsequently loaded
onto the gel, and electrophoresis and lnagysis carried
out as described in FPigure 10« The bars labeled "s”
indicate the positions of Coomassie Blue-stained bands.
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Figure 19. Electrophoretic analysis on 0.1% SDS-10% poly-

, acrylamide gels of the polypeptides found in*Pool 2 from
the Bio-Gel A-5a column (Pigure 17). The sample was
prepared for analysis as in Pigure 18. Conditions for
electrophoresis, fractionation of gels and radiocactivity

measurement were identical to those described in Pigure 10.
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Figure 20. Electrophoretic analysis on 0.1% SDS-10% poly-
acrylamide gels of the polypeptides found in Pool 3 from
the Bio-Gel A-5m column (Figure 17). The sample was
prepared for analysis as in Figure 18. The bars labeled
"g8" identify the Coomassie Blue-stained bands. The
conditions for electrophoresis, fractionation of gels and
measurement of radioactivity wergfidentical to those
described in Figure 10.
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from the Bio—éel column contained E as the sole viral poly-
peptide plus 4 - 5 host polypeptides (Figure 21). This
procedure appeared to be suitable for tye purification of -
—E for the purposé of aésaying for a potenti;l polymerage
Qé\éé;;ty. However, it was subsequently determined that
the viral polymerase acfivity found in the extracts was very
unstable when PBS buffer was used for the purification prp-
cedure (ot shown). Activity was lost early durihg the
purification séheme. When 0.05 M TRIS-HC1l (pH é.o) con-
taining 0.05 M ﬁCl and 1% NP-40 was used for lysis and
coluﬁﬁ buffer, good recovery of gd%ivity was observed (not
shown) yut the resolution of the E-contain;ng peak from the
leading peak was poor (Figure 22). A compromise between
these two situations w;s»échiéved by employihg 0.05 M TRIS +
6.05 M sodium phosphate (pH 8.0) containing 0;05 M KCl and
1% NP-40 as the lysis and column buffer. The resolution of
the two pegks\ﬁés ggod (Figure 23) and the ac%ivity was not
lost during the early stages of- purification (see below).
The elution profiles observed in these Bio-Gel columns
were somewhat puzzling. Normally, one would expect that the
largest polypeptide species would elute from the column
first, followed in order of decreasing molecular weight,
by the smaller ones. The fact that the F, G, H and I poly-
peptiaes passed through the column before E suggests that
some sort of compiex may have formed among these first

fbur polypeptides. Analysis on glycerol gradients of
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Figure 21. Electrophoretic analysis on 0.1% SDS-10% poly-
acrylamide gels of the polypeptides found in Pool & from
the Bio-Gel A-5m column (Figure 17). The sdmple was
prepared for analysis as in Figure 18. The bars labeled
"g» jdentify the Coomassie Blue-staining bands.. Conditions
for electrophoresis, fractionation of gels and-measurement
of radioactivity were as described in Figure,10.
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Figure 22. Chromatography of l4C-amino acid-labeled poly-
peptides from Pool 1 of the affinity chromatography column
(Figure 7) on Bio-Gel A-5m. The lysis and column buffer
was 0.05 M TRIS-HC1l (pH 8.0) containing 0.05 M KCl and 1%
NP-#0. Elution and radioactivity assay conditions were as
described in Figure 17. .
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v Figure 23. Chromatography of l%C-amino acid-labeled poly-
peptides from Pool 1 of the affinity chromatography column
(Figure 7) on Bio-Gel A-5m. The lysis and column buffer
was 0.05 M TRIS-HCl (pH 8.0) containing 0.05 M sodium
phosphate, 0.05 M KCl and 1%\lyP-40. Practions were pooled
.in a pattern analogous to that illustrated in Figure 17.
Elution and radiocactivity assay conditions were as
described in Figure 17. |
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pools 2 and b from Piguro 17 diqﬂg.t, howlvor. provido any '

. cvidonco fgr ‘such. an ;clocintio (Piguro 2#) The main .

th P, G, H and I sodimontcd[

between the 4.6S BSA marker an the K polypoptido peak.

a 28’ h ~the ' N N

~ Assays of polymerhbb\activity found iﬁ the crude
lysate (before the 37,000 rpm centrifugation step) showed -
that 1ncorporation of radioactive UTP into a TCA-inaoluble>

form was dependeq&_upqﬁgthe concentration of magnesium

salts yged in the assay (Figure 25). Thus, a magneslum"

concentration of 10 mM was used in all subsequent assays.
Assay of the two‘peakAfractions from Figure 23 (ed‘ivalent
to pools 2 and 4 in Figure 17) revealed a polymerase activ—
ity associated with, the E polyﬁeptide, the activity being -
dependent upon the addition of exogenqﬁs v1ral RNA 3nd a

/

primer of oligo(ru) (Flgure 26). /
No such activity was found wheh'the'polypeptides from
pool 2 were assayed (Figure 26), nor was this activity found
in unfractionated extracts of uninfected cells (not shown).
However, the recovery and stability of activity associated
with polypeptide E varied significantly from prepag?¢ion‘to
preparation. The maxiﬁum recovery of activity detected
was 5 - 10% of initial values, the dilution of polypeptide
E during isolation being taken into account. Because of

these factors, the recovery of polymerase activity was as-

sayed following each step of the purification procedure
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Figure 24, Glyeetol gradient centrifugation of the 1ll4¢-
amino acid-lebeled polypeptides from.Pools 2 (0) and 4 (0O)
of the Bio-Gel A-5m column (Figure 17). Polypeptide samples
(0.5 ml) were layered onto 12 ml 5% to 20% lycerol ’
gradients in 0.05 M TRIS-HC1l (pH 8.0) conta%ning 0.05 M KC1
and centrifuged at 35,000 rpm for 19 hr in an SW 41 rotor

at 40. Fraczéons of 0.5 ml were collected and 100 ul
aliquots assayed for radioactivity by standard procedures.
The arrow indicates the position to which the 4.6 S BSA
marker sedimented in a parallel gradient run under identical
conditions. .
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Figure 25. Effect of magnesium concentration on the
polymerase activity present in an L cell lysate at the
initial stage ogigurification (i.e. before the 37,000 rpm
centrifugation p). A 100 pl aliquot of cell lysate in
0.05 M TRIS-HC1l (pH 8.0) containing 0.05 M KCl1 and 1% NP-
40 was added to 100,ud of assay mixture, the final concen-
trations of reagents”being: 0.05 M TRIS-HC1l.(pH 8.6),

0.05 M KC1, 8'005 M DTT, 0.5 mM GTP, 0.5 mM CTP, 0.5 mM
ATP, 20 uCi JH-UTP/ml, 2 pg actinomycin D/ml, 1.0 mM PEP
and 20 ug pyruvate kinase/ml. Magnesium concentrations of
0; 3, 6, 9 and 12 mM were used. The mixture was incubated
at 379 and aliquots of 40 pul removed at O min and 5 min
after addition of the lysate. The aliquots were spotted
onto filter papers which had been soaked with a solution
containing 0.1°'M sodium EBTA and 25 mM sodium pyrophosphate
(pH 7.0), then dried. The discs were washed for 30 min
with 00 10% TCA, twice for 10 min with 00 5% TCA and*final-
ly with 95% ethanol. The discs were dried and the TCA-
insoluble radioactivity measured using a toluene based
fluor. Background levels of radioactivity as measured by
the 0 min controls were subtracted from the corresponding
5 min sample to arrive at the values plotted above.

]
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Figure 26. Template and primer requirements for polymerasé
activity of the isolated noncapsig polypeptides (from
Figure 23). The assay conditions ed were identical to
those described in Figure 25 with the following exceptions:
the magnesium corfcentration used was 10 mM»througheut;
incubation was extended to 20 min and adﬁ?tiqpal samples
taken at 10 and 20 min; where used, the final concentra-
tions of viral RNA and oligo(rU) were 20 ug/ml and 10 ug/ml,
respectively. Samples were processed for monitoring of
TCA-insoluble incorporation of label as described in Figure
25. O Assay of polypeptide E (equivalent to Pool 4 in
Figure 17) @ Assay of polypeptide E including viral RIA
A Assay of polypeptide E including oligo(rU) O Assay of
polypeptide E including viral RNA and oligo(rU) ® Assay
of polypeptides F, G, H and I (equivalent to Pool 2 in
(Figure 17) including viral RNA and oligo(rU).
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(Figure 27). After lysis of infected cells, a high ;eveluof
activity was detected (Figure 27: "Before 37,000 rp@ centri-
fugationf). Polymerase activity in the supernatent }rom

the 37,000 rpm centrifug!!ion step (837) was greatly
reduced, incorporation of label was stimulated by the
agdf¥10n of Yiral RNA template and oligo(rU) primer (F?gure
2714 "537 + RRA + oligo(rU)”). Passage of the 837 through‘
the affinity colUmn resulted in an almost total loss of
ativit& (Figure 27: "Péol { Affinity colqpn") but addition
of viral RNA and oligo(rU) again stimulated polymerization
of nucleosid; triphosphates (Ff{gure 27: "Pool 1 Affinity
column + RNA + oligo(rU)”"). . However, this stimulation was
not as great'és thgt observed in the preceding step. From
these observations it appeared that the progressive removal
of capsid polypeptides might be at least partially respons—~
ible for the ever decreasing levels of polymerase activilty )
recovered. However, attempts to stimulate polymerase"/
activity by the addition of either heat-disrupted purified
virus or purified 13.4 S particles to the assay mixture

were unsuccessful (Figure 28). Aligquots of protein con-
tained‘in the fractions efuted from the affinity column

by 3.0 M NaSCN (Fiéure 7) also did not stimulate polymerase

"actwity, nor did addition of uninfected cell lysates to

the E preparation. This suggested that the loss of possible
host cell-provided cofactors was not responsible for the
diminished activity.

Co-sedimentation of purified Mengo virion' RNA and
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Figure 27. Assay of polymerase activity found in cell
lysates during varying stages of purification. Assay .con-
ditions and processing of samples were identical to those
described in Figure 26. A Assay of the lysate before the
37,000 rpm centrifugation step O Assay of the S37 lysate

® Assay of the S37 lysate including viral RNA and oligo(rU)

O Assay of Pool 2 from the affinity chromatography column

B Assay of Pool l.from the affinity chromatography column
including viral RNA and oligo(rU)'. Passage of the S » lysate
through the affinity chromatography column resulted in a two-
fold dilution of the polypepfide species present.
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Figure 28. Effect of capsid polypeptides on the polymerase
activity detected in Pool 1 from the affinity chromato-
graphy column (Figure 7). Assay conditions and processing
of samples were identical to those described in Figure 26,
with the exception that viral RNA and oligo{(rU) were '
included in all three assays. ® Assay of Pool 1 from the
affinity chromatography column 0 Assay of Pool 1 from the
affinity chromatography column ‘including heat disrupted
virus (56° for 10 min) O Assay of Pool 1 from the affinity
chromatography column- including 13.4 S particles purified
according to the proeedure of Mak et al., 1971.
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: polmptido E on a linear sucrose mdlont indioatod thnt
E had some affinity for the RNA (Pigure 29). The labsled
polypoptldo co-migrated with the viral RNA whereas poly-
Yeptides 7, e, K and I showed no such affinity for the RNA
(Pigure 30). Polypoptido E by itself on a sucrose ‘rldiont
remained near the top rollovln. centrifugation.
.Chromtography of a 83? infoctod-cqll‘ lylat.o on
poly (A) sepharose resulted in the adsorption of a peak of
radioactivity which could be eluted with buffer containing .
1.0 ¥ xC1 (Pigure 31). Analysis on SDS- polyacrylamido gels
of this adsorbed peak showed the presence predominantly of
polypeptide E (Pigure 32). The material passing straight
through the column were polypeptides F, H and I (Figure 33).
These reBults suggest that the affinity of polypeptide E
for viral RNA could possibly be due to the presonce of the
poly (A) sequence on the 3°-emd of the RNA. '
An®attempt was made to demonstrate proteolytic activity
associated with polypeptide F. Substrate for thia was
prepared by pulsL labeling infected cells at 6 hr p.i. w1?h
3H-amino acidg for 5 minutes. The cells were harvested
and a lysate made with 0.05 M TRIS-HC1 (pH 8.0) contain:ing'
0.05 M KC1 ahd 1% NP-40. The lysate was centrifuged ;t low
speed to remove nuclei, and then centrifuged at 37,000 rpm

-

for 1 hr in a SW 50.1 rotor. R

The labeled precursoPVpolypeptldes were pelleted whlle

the unlabeled noncap81d polypeptides remained in the super-
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Figure 29. Sucrose density gradient co-sedimentation of

~ purified Mengo virion RNA (®) ahd l4%C-amino acid-labeled
polypeptide E (O). Viral RNA was prepared according to
sthe procedure of Scraba et al., (1987) Polypeptide E was
isolated by Bio-Gel A-5m chromatography as in P re 23.
Viral RNA and polypeptide E (100 ul of each in 0.05 M TRIS-
NCl (pH 8.0) containing 0.05 M KC1 and 1% NP-40) were mixed
arrd incubated on ice for 1 hr. - The mixture was then layered
onto a 4.8 ml 10% to 30% sucrose gradient in 0.05 M TRIS-HC1
(pH 8.0) containing 0.05 M KC1 and 1% NP-B0. The dient
was centrifuged at 35,000 rpm for S hr in a SW 50.1 rotor

at 40. Fractions of 5 drops were collected and diluted to

a volume of 1.0 ml with distilled water. The absorbance

of each diluted fraction at 260 nm was measured. Aliquots
of 100 ul were then removed and assayed for radioactivity

by standard techniques.

.
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Figure 30. Sucrose density gradient c¢
purified Mengo virion RNA (®) and a 1
mixture of polypeptides F, G, Hand I

B-sedimentation of
C-amino acid-labeled
(O). vViral RNA was

prepared according to the procedure of Scraba et al., (1967).

- The F, G, H and I polypeptide mixture

A-5m chromatography as in Figure 23,
assay conditions were identical to tho
29.

was isolated by Bio-Gel
Centrifugation and
Se described in Figure
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Figure 31. Chromatggraphy on poly(A) sepharose of e
amino acid-labeled noncapsid polypeptides present in a
S37 lysate. The lysis and column buffer was &.05 M TRIS-
ng (pH 8.0) containing 0.05 M KC1 and 1% NP-40. Elution
and radioactivity assay conditions were as described in
Figure 17. The arrow indicates the point at which buffer

" containing 1.0 M KC1 was added to the column.



&

/ - ‘ 107

2
o
’
€

or
2
x T
[ 4
F ) ’
.- P18
b
&
2 r
€
3 -

2-

1 Fm

AW J WM‘;\M
0 L 2 A 4 2 A A
30 60 90 120 150 190 2%

Fraction Number

Figure 32. Electrophoretic analysis on 0.1% SDS-10% poly-
acrylamide gels of the 14%C-amino acid-labeled polypeptides
present in fraction number 29 from the poly(A) sepharose
column. The sample was prepared for electrophoretic
analysis as described. in Figure 18. Electrophoresis and
analysis were carried out as described in Figure 10.



,,,,

<
6-
)
)
-]
x 3r
[ 4
é
$ <
i
w JIPF
-
e
§ |
W
=
1
Il ' o l‘ g _§ ' y g4
0 30 0 % 120 Y50 180 210

Fraction Number

Figure 33. Electrophoretic analysis on 0.1% SDS-10% poly-
acrylamide gels of the luc-amino acid-labeled polypeptides
present in fraction number 9 from the poly(A) sepharose
column. The sample was prepared for electrophoretic
analysis as described in Figure 18. Electrophoresis and
analysis were carried out as described in Figure 10.
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natent (gs>in.Figufé-6). An SDS-pti!,cgyllnide gol‘profile
of the pelleted material is shown in Pigure 3. It cohsisted
primarily of the precursor polypeptides A, B, C and D. An
aliquot of such a preparation was.hixod with_gfggmplo/efi
polypeptide P (dgr%ved from pool 1 Figure 17; see‘Figuro

18) and incubated at 37° for 1 hr. The SDS-polyacrylamid9
gel of the assay mixture did not differ significantly from
the control (Figure 35). It would seem that either F has

no protease activity xig 3 vig these precursors.of the con-

ditions of assay were not conducive to detecting the activity.

’

Isolation of VPg
Chromatography of radioactively-labeled virus capsid

polypeptides on hydroxylapatite revealed that a'small but
reproducible peak o% label was associated with the viral

RNA peak, even after the vigoroﬁs dissociation conditions”
employed (heating at 100° for 5 min with 2% SDS and 5% 3-
mercaptoethanol). This is shown in Figure 36. Radioactivity
was also associated with the viral RNA when it was prepared
from purified labeled virus using the phenol extractign pro-
cedure of Scraba et g;.,-(1967). Reports of a small protein
being associatgd with other picornaviral RNA's (Lee et al.,
19763 Sanger et al., 1977; Hruby and Roberts, 1978) sug-
gested that this label was due to a similar polypeptide
being associated with Mengo virus RNA. Analysis of the

nuclease-treated RNA on 10% polyacrylamide-0.1% SDS gels

revealed a small peak of radiocactivity migrating between
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Figure 34. -Electrophoretic analysis on 0.1% SDS-7.5% poly-
acrylamide gels of the 3H-amino acid-labeled precursor poly-
peptides used as substrate n the protease assay. Infected
cells were pulse-labeled for 5 min with 3H-amino acids at 6
hr p.i. A lysate was made with 0.05 M TRIS-HC1l (pH 8.0)
containing 0.05 M KC1 and 1% NP-40 and the nuclei removed
by centrifugation at 1000 g for 10 min. The precursor poly-
peptides were pelleted by centrifugation at 37,000 rpm for
1 hr in a SW 50.1 rotor. wAliquots of the pellet were
prepared for electrophoresis as described in Figure 18.

Conditions for electrophoresis and analysis were the same
as those described in Figure 10. .



111

3H Counts per Minute X103

Fraction Number

Figure 35. Electrophoretic analysis on, 0.1% SDS-7.5% poly-
acrylamide gels of the JH-amino acid-labeled polypeptides
present in the incubated protease assay mixture. The
precursor polypeptide substrates were Jprepared as outlined
in Figure 34. A 50 pl aliquot of polypeptide F (derived
from Pool 1 Figure 17; see Figure 18) was mixed with an
equal volume of substrate and incubated at 37° for 1 hr.

The sample was then prepared for electrophoresis as outlined
in Figure 18. Conditions for electrophoresis and analysis
were identical to those described in Figure 10. ,
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Figure 36. SDS-hydroxylapatite chromatography of 1lhc-amino
acid-labeled virus capsid polypeptides. Purified 14c_amino
acid-labeled Mengo virions were disrupted by heating at 1000
for 5 min in a buffer consisting of 0.01 M sodium phosphate
(pH 6.4) containing 2% SDS and 5% B-mercaptoethanol. The
RNA and polypeptldes were resolved as described by Ziola

and Scraba (1975). The RNA peak (0), as detected by absorb-
ance at 260 nm, was pooled (fractions 55-57) and dialyzed
against 0.01 M sodium phosphate (pH 7.2) to remove the SDS.
Radloactiv1ty was assayed by standard procedures. Phosphate
molarity was determined from conductivity measurements with
the use of a standard curve.

4
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the ¢ marker polypeptide and the bromophenol b}ue marker
(Figure 39). The size of tqis peak was diminished by 50
to 60% when the RNA was also incubated with proteinase K
(Figure 38), indicating that the labeled material was a

protein.

scusgsion

As an injitial step towards characterizing the functions
éf Mengo noncapsid proteins, the stable species E, F, G, H
and I have been isolated from virus-infected cells. The AT
two larger polypeptides, E and F, were isolated using
‘both denaturing and non-denaturing methods while the smaller
polypeptides, G, H and I; have been obtained by the use of
denaturing methods.

Previous studies of the picornavirus RNA polymerase
(RNA replicase) have involved sequential purification by
monitoring the enzymatic activity. Such studies have sug-
gested that polypeptide E (NCVP 4) plays some role in the
replicase activity, but the various "purified"” replicases \
were contaminated to varying extents with other viral-
specific polypeptides (Lundquist et al., 1974; Loesch and
Arl;nghaus, 1975; Traub et al., 1976). This chapter has
described an alternative approach in studying the replicase:
i.g.: isolation of the polypeptide which has been indicated

to be responsible for the RNA replicase activity (E) fol-



114

Pi] o a

——

[}

Counts per Minute (34— :C oooo) X402

e i L
0 20 40 60 .

L i J UL A

Fraction Number

Figure 37. Electroghoretic analysis on 0.1% SDS-10% poly-
acrylamide gels of l4C-amino acid-labeled VPg. RNA obtained
from a SDS-hydroxylapatite column (Figure 36) was precipitated
with 2% volumes of cold 95% ethanol. The pellet was collected
by centrifugation at 15,000 rpm for 30 min in a JA-20 rotor.
The RNA was resuspended in 400 pl of 0.01 M TRIS-HC1 (pH 7.0).
RNase A, RNase Tl and BSA were added to 200 ul of the RNA at
final concentrations of 50 ug/ml, 100 units/ml and 400 pg/ml,
respectively. The samﬁle was incubated at 37° for 3 hr and
then precipitated by the addition of 5 volumes of acetone.

The precipitate was electrophoresed as described in Figure 10.
The open circles show the profile obtained when the gel was
fractionated and assayed for radioactivity as described in
Figure 4.

The marker capsid polypevrtides (indicated by the solid line)
were electrophoresed at the same tIm& in a separate gel,

arrow indicates the position to which the bromophenol uvlue
marker migrated in both gels.
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Figure 38. Electrognoretic analysis on 0.1% SDS-10% poly-
acrylamide gels of C-amino acid-labeled VPg which was
proteinase K treated. VPg was obtained and treated in an
identical manner to that described in Figure 37 with the
following exception: proteinase K was added at 14 hr to the
incubation mixture to a final concentration of 200 ug/ml.
The sample was then incubated for an additional 1% hr. The
incubation products were assayed electrophoretically as
described in Pigure 37. The open circles show the profile
obtained when the gel was fractionated and assayed for
radioactivity as described in Figure 4. The marker capsid.
polypeptides (indicated by the solid line) were parallelly
electrophoresed on a separate gel. The arrow indicates

the position to which the bromophenol blue marker migrated
;in both gels.

Ed
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lowed by an attempt to assay for that activity. Polypeptide
E i;olated ueing"nopdonnturing conditions (Figure 17) was
free from contamination by other viral polypeptides and
contained only 5 - 6 host cell-specified polypeptides
(Figure 21). Associated with the E polypeptidoé was an RNA
polymerase activity which was dependent on exogenous viral
" RNA and oligo(rU):gFimer (Pigure 26). The activity, however,
was quite unstable and this fact plus the observed varying .
reco&eries of activity suggest that other as yet uncharac-
terized camponents are also pecessary for a fully functional
viral replicase activity. Sfudies on poliovi;;a replicase
have indicated that the precapsid structure (Yin, 1977) or
capsid polypeptides (Ghendon, 1973) play some'integral role
in the replicase activity. Results reported in this chapter
showed that replicase activity was &iminished as‘the capsid
polypeptides were progressively removed from the noncapsid
polypeptides (Figure 27). However, addition of capsid
 polypeptides to isolated polypeptide E did not stimulate
its observed activity (Figure-28) so the relationship, if
any, bgtween these observations and the poliovirus data is
unclear.
. . &2 .

Another possible explanation for the decreasing
recovery of activity is based on a model proposed by Nomoto
et gl; (1977). These authors suggest that a polymerase
Wdore structure combines YEEE a free molecule of VPg (the

polypeptide which is also found covalently attached to the

5°-end of the viral RNA) to produce a functional replicase. .
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The VPg molecule supposedly functions as a primer for RNA
roél}cation. during which time it becomes attached to the
5°-end of the RNA. It has been shown in this chapter that
Mengo virus RNA also contains a VPg-like polypeptide, and
it is conceivable that thil'po}ypeptide was lost during the
purification procedure outlined for the undoﬁaturod E
preparatioh. VPg appears to be relatively hydroph;bfb when
isolated from viral RNA (Hru%y and Roberts, 1978), and a
large portion of it may have aggregated and been lost during
.the 37,000 rpm centrifugation step. Afflnity chromatography
(Figure ?7) presumably would have removed any VPg 'still
present in solution (the disrupted virus antige@ used-_ to *
prcduce antibodies for this column also contaired the viral
RNA and its covalently-linked VPg). The recovery of a
portion of the replicase activity using the primer oligo(rV)
is consistent with this possibility. Presumably, however,
oligo(rU) is a cdmpafatively poor primer with respect to
VPg. .

Ziola and Scraba (1976) have suggested that F is a
possible candidate for 3 vifus-specifigd protease. Recent
results have shown that when EMC virus RNA is translated in
a reticulocyte cell-free system in vitro, an active.proteo- )
lytic activity, which can cleave pre-A (an uncleaved
precursor of A and G) and polypeptide C, is produced (Pelham,
1978). This activity has been attributed either to the non~
capsid pblypeptidesi and/or'F. A preliminary assay experiment

with isolaped polypeptide F related in this chapter was
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unsuccessful in demonstrating any nlooollgod protoolytte‘
activity. 1t would seem that further experiments, employing
a wider variety of assay conditions, are noooootry'in order
to uc&rtain whether or not F possesses proteolytic activity.
"I': addi®ion, a possidble role of P in binding the replicase
to membranes, as reported by Butterworth gt ad.. (1976),
should be involéigatth. . ’

A report of a protease acti;;ty (:;ociutcd wlth.t
polypeptide of molecular mass 14,000 daltons, produced by
granulosis virus (Tweeten ¢t al., 1978) suggests that poly-
peptides G, H and/or I should also be obtained in undenatured.
form and assayed for proteglytic activity. Denatuned
prep;rations of G, H and 1, prepared as reported in this
chapter, shouid be suitableé for use as antigens to produco'
SpecifiE antisera which can be used to isolate them from

the other viral polypeptides.

- ” ) _
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