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cytnleuice uunnqatg (820) pnp-rul fm e,cu. efter labquu

vitﬁ laln uiﬁ tcidu Mlng the uﬁy to dd~lo' phue of viruo
J'w : ..*ﬂ

m ‘has" bcm dmm mmw W ttela (“
d“um"“ the "s0s pereicie” from ite pocitf‘l’#nvun the ribo- -

tl*\

soshl enbuaitl ii'the grudient) togethqr v&th 'pturl ‘vieions (1508)
and the previously deecribed 148 plrticles (MeCregor et al., 1975)
can be- recovered frot the 820
Carefui/centrifugal nnlryeie has entablished tnzf this particle fias

frectton by high-epeed centtifugation.

‘& sedimentation coefficient of 53, It contlins no RNA and is com-
_poned of equinolir amounts of the polypeptides ¢, a and v.

The resules of conventionel puloe-chnse experinente suggest thnt .
1t may be a precutaor in the assembly'of Hengo viriont. but more
convincing evidence thac this 1is the ceee val_qbta}ned from experi-
ments in which thé chase vas ca;ried out in the presence of ‘cordycepin

)

(3'-deoxvadenosine) In the presence of thie inhibitor of viral RMA

o

evnthesie. there iJ.h significant eccunulation of 538 particles and “l’
vhen the innibition 1; reyerned, a Quanti:e:ive»trensfer of.radEBQabel.
from 538 pn;ticlee to matdﬁe virione ensuéc. The recovery of‘53S \
narticles (and of matire viniope) from cell homogenates 1; ltnongly
dependent unon the econcentration of KCl in the suspending buffer;:

only trace amounts are recovered at concentratione of leee than 60 mM,

vhile -axinum recovery 4s achieved at a concentration of 100 aM, VWhen

the KC1 conce tation_il increased to 150_-H?0r higher, some of the

A



: .

0 . ; T g .
| :538 perttcln are convorted to otmct;ure. haviu a oighifichhtly luhot
eediinntetion coefficilnt. A sinilar coqyereioa of §3s to larger

perticleo accurs uhen the "rler are purlfied by equilibriul ceﬂtri-

!blecs}er weight detenﬁutim of of

'by means of Sepheroee 4B exelueian chtenatography hevA reveeled thet

the -olecular compositions of theee perticlee e,h (cuy)s. (cav)25 snd
(ccy)so respectively. Based on this 1nformation, a new hypofheeis re-

garding the mechanism of Mengo vitun eteepbly has been proposed in
vhich the viral RNA interacts with either s 75* particle or tup.53$

particles to form a complex repres nted by RNA(cay)SO. before aseembly

18 completed by the addition of two 145 subunitl. o | {

The synthesis of viral ribonucleates and polypeptides has been

etudied in cultured'l cells infected with either of.fwo ﬁNA-

. ¢ ‘ 4 ’ .
mutants of Mengo virus (ts 135 and ts 520). 1t wes found"that the

5’

synthesis of all three epecies of viral RNA (ss, RF and RI) is in-

hibited 1rrevereib1y and to about the same extent when ts 135-1hfected

«

cells are shifted from the permissive-(33°) to the non-perm}esive

“~

(39°) temperature. .Invdstigations of the in vivo and in vitro

stability of the viral RNA polymerase produced in 52;135-§nfected cells
. N \

have shown that thefRﬂA- phenotype of the mutant reflects a temperature -

. . 4
3enei;1ve defect in the enzyme.
Studies of the synthesis of vigﬁs-cpecific polypeptides in ts 135-

infected cells have revealéd that the post-translational cleavage of

structural polypeptide precursors A, B and € is at least partially

-
-

blocked at 39°. - This defect does not appear to result solely fram the

. . vi
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inhlbitio. pf viral RNA svathesis at 39°, since eo'rdvcooin. vhich
1nh1b1t. viral RNA lynthe.iu efficiently, does noc block the normal
cleavage ok polypoptmg A and B in wt Hongo-infectcd cells., The -

h cleahgc ‘d'!ect can also be dcnonl'tutod in a cell-free system and

s ow .

1: appeaq to reoult from an alteration (nut-tion) in the -tructrnl
WG? : reors A snd B. The evidence. ouuutn that ts lbs
is a dqublei nt. On the other hlnd. nutan} ts 520 also exhihit-
an RNA™ phc*dtype at 39 ..but the c}eavage of polypeptides A and B
1,,'2 520~iﬁ£ected cells -is not blo9ked at this temperature. m
Finallyflsis particles have b‘en shown 'to accumulate 1in ts szoJ

infected céllb, but not 1in &g 135-1nfected cells, when cultures are
shifted from 33° to 39°. This observation provide’ supporting
evidence for the proposal that the 513s particle is an intermediate

in the assembly pathway of Mengo virions.
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_ . ' Pieoru_v_i_rgs glaniftcag on { .
T8 . In 1963 the Intermtionnl Entm:m Study f‘ron adootce thc tcrh

picornnvim (pico - mll;rﬁp - rthﬁﬁuclctc lcid) to dnliat a group o(

_smll. PNA—containina viruses distinduished by (t) thcir aun ’4“ (hu !

.than 300 A 1n diamtn). (11) thc ahuncc of an ctrvaotgc. lnd (tii) thcit '

|1ng1e-btranded m\‘A gohu Alchough dtm are plm\md &cforh! vi- -
tuses which, on the haail of e?cce criterin, could be claacified as picotn;
aviruses, the term has been annlied to mammalian viruaos onlv. !

A}l picornavirﬁset share a fundamentnl similaritv with reaoéct to
gross morphologv and mode of renlic;tion. However, differenéé‘ have ?;egn _
ohserved with regard to pH stahility and huovant densitv in nolutionn of
cesium salts (Andrewes and Pereira; 1972; Newman et al., 1073' Scraba
and Colter, 1974), and, based on these parameters, cor?aviru.es have
been further classified into five subgroups as sha im Table 1.

The inclusion of caliciviruses as a subgroup has heen quqééioped.

since their larger size and characteristic caﬁiiq mbrphologv (Zvillenbgrg

‘and Birke, 1966; Almeida et al., 1968; Wawrzkiewicz et:al., 1968) are

atvpical of picornmaviruses. Furthermore, these viruses have beeﬁ'fOund i

to possess onlv one major capsid protein (Bachraxh afid Hess, 1973; Burrougt

~and Brown, 1974), as opnosed ‘to other picornaviruses which contain four

distinct capsid polvpeptides (Rueckert, 1971: Fenner et al., 1974), and

to exhibit a different strategy of replication (Fhresmann and Schaffer,

1977). For these reasons, it has been suggested that the cglicivirusés

be reclassified as' a separate family, the Caliciviridae (Burroughs and

’
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"8,3 - 8.5 x 106 daltons (Scraba et al., 1967).

YA

hvdrltcd diameter of about 300N i (Runckort. 1971; Fonncr et al., 1976.-

Scraba and Colter. 1976),‘ sedimentation coefficient (S20 JS of 150-160S,
. . [ Rl

& dntfuston coeffictent (D3 ) of 144 - 1.47 x 10”7 ea’/sec, and &

-

partial specific volune (V) of 0.68 - 0,70 ml/g. On the basis of these

vgrues. one can calculate that. the ;1r£oq has a particle weight of

[
-

Struetural Components of the Virion ’

The Viral RNA

iad

..

v .
The molecular mass ofkpicornaviral‘RNA has beén estimated to be about

2,4 - 2,7 x 106 &altonl by gel electrophoresis and velocity sedimentation

»

. studies (Tannock et al., 1970; 2iola and Scraba, 1974), and by electron

- 1973), it may be calculated gq.t an RNA chafn with a mass of 2.6 x 10

microscopy (Granboulon‘aﬁd Girard, 1969; 7Ziola and Scraba, 1974).

- Singe Jt contains no unusual nucleotideé and approximately equimolar

amounts of adenyfate, cytidylate, guanylate and uridylate (Newman et al.,
6

-daltqns contains about 7600 nucleotide residues. A number of early
_ . ‘
studies showed that RNA extracted from the virion is infectious (Colter

et al., 1957; Alexander et al., 1958; Huppert and Saunders, 1958;
Franklin et al., 1959; Bachrach et al., 1964).
§>Hany viral and animal cellular mRNAs havé polyriboadenylic acid,

poly A, covaledtly attached to the 3' terminus (Brawerman, 1974; Shatkin,



1974). In the case of picornaviruses, poly A tracts 50 to 100 nucleotides

in lcngtﬁ hav; been found in the RNAs of polipvirus (Yogo and Wimmer,

1972; Spector and Baltimore, 1975-), rhinovirus (Nair and Ovenc; 1974;

MacNaughton and Dimmock, 1975), and foot-and-mouth disease virus

(Chatterjee et al., 1976). The cardioviruses EMC (Gillespie ef al.,

1973; Burnes; et al., 1977), Mengo (Miller and Plagemanﬁ. 1972; Spector

and Baltimore, 1975b) and Columbia ~SK (Johnston and Bose, 1972) al-o~

contain pol; A tracts but they seem to be shorter (estimates range from

15-70 residues). It has ﬁeen suggested that the 3'-terminal poly A is
‘<§enetica11} coded ana not synthesized by post-transcriptional additibn
(Yogo et al., 1974; Yogo and Wimmer, 1875; Dorsch-Hisler et al., 1975).
Although the biologiEul f\pction of poly A remains obscure, it appears to
be essential for the infec&ivity (Burness et al., 1975; Goldstein et al.,
.1976) and the efficient in vitro translation (Hruby and Roberts, 1977)
of the viral RNA,

The 5' end of the picornaviral RNA has also received considerable

attention since the discovery that tho—g'-termini of most viral as well
as cellular mRNAs are blocked and methylated, i.e., "capped'" by the
structure, m7G (3') pep (5') Np (Shatkin, 1976) which appears to be re-
qu&;ed for the translation of mRNAs in a cell-free system (Muthukr%shnan
et al., 1975 and 1976). Such a structure is &dbsent in both the picorna-
viral RNA and its mRN; (Fernandez-Munoz and Darnell, 1976; Hewlett et al.,
1976; Nomoto et al., 1976; Shatkin et al., 1976). However, the 5'-
terminus of the picornavirus genome RNA has recentlv been found to be
covalently linked to a small protein V;g (Lee et al., 1977; Flanegan

et al., 1977; Nomoto et al., 1977a; Sanger et al., 1977; Hruby and

Roberts, 1978). Since VPg is also present in replicative intermediate
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RNA ani onttho 5' end of negative RNA strands, it has been. suggested )
that tht’. protein {s involved in'an uriy step of RNA .lynthuin
(Planegan ot aZ... 1977; Nomoto et al., 1977a). The finding that the
vinl po&ynonl mRNA, which 1‘ot enclpsidated and 1s thus not a pre-
curoot for virions, lacks VPg (Nomoto ct aZ.. 1?77b) has also led to
the speculation that this protein may play a role in virus assembly,
The cardioviruses Mengo and PMC, as well as FMDV, also contain
tracts of poly C 100 to 200 nucleotides long located near the 5' end
of their RNAs (Porter et al,, 1974; Perez-Bercoff and Cnnder, 1977;
Rowlands et al., 1978). fThe function of such a.homopolymeriq'r?gion
is unknown and its significance questionable as it 1s not found 1in the
RNAs of members of the entero- and rhinovirus subgroups (Brown et al.
'1974)

The Virion Proteins

Amino acid composition Qnaiyses of the total protein %rdm several
different picornaviruges gave very similar data (R;eckert, 1971). Few
sulfur-containing amino acid residues (2-3 mole Z) are present. On
the other hand, the proteins have a relatively high content of proline

~ a:
(6-8 mole %) and other non—a-helix-forming residues (valine, isoleucine}‘
serine, threonine and glyciné), - an observation compatible with the
results of optical rotary dispersion and circular dichroism_studies
(Scraba et al., 1967; ‘Kay et al., 1970) which indicated that the
capsid polypeptides have a low (5-10%) a-helical content,

There is little doubt now that the picornavirus protein capsid is
cohpoaed of four major polypeptide species wifﬁ average molecular

weights of 33,000 29,000 25,000 and 7 500 deduced mainly from poly-

acrylamide gel electrophoresis, gel filtration in the presence of
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guanidin§ hydrochlotido. and smino acid co-poniéion analysie (!uo;kort
ot aE.. 1969; Stoltzfus and Mcki}'t. 1972; lumcu‘ct al., 1974;

740la and Scraba, 1974 and 1975). In addition, ome or two minor poly-
peptide components are pfeocnt in the é‘plid (Scraba and Colter, 1974).
There are approximately 60 copies of each of the major polypeptides and
one or tvé copies of each of the minor polypeptides per virion (Scraba

and Colter, 1974). .

Mornhologv and Architecture of the Virion

The structural arrangement of the various polypeptide chains within
the virfon has been expﬁined by various methods, {ncluding electron

microscopy, X-ray diffraction, and controlled chemical degradation

4
-~

(Rueckert, 1971).
Flectron microscopy of negatively stained preparations of virus A
particles has not been very useful in elucidatiqgopicornavirus architecture

since the capsids of these viruses are extremely co;pact and essentially
impermeable to the heavy metal salts comnon&y used as negative stains.
As a result, widely differing estimates {32 - (Mayor, 1964); 42 -
(Agrawval, 1966) and 60 - (Home and Najington, 1953)] of the n'Ph'r of
capsomeres per virion have been made by different workers.

From earlier X-ray diffraction studies of poliovirus crystals;
Finch and Klug (1959) had concluded that the virion possesses icosa-
hedral (5:3:2) symmetry, and that the capsid is composed of 6N structural-
ly equivalent asymmetric unjts, each 60 to 65 A in diameter. It was not

possible, however, to define the precise arrangement of these subunits

in the virion.



The present knm'vlod.o c.! picornavirus cqnu srchitecture has come
largely frema studies by Rueckert and co-workers (Rueckert o9 al., 1969;

Dunker and Rueckert, 1971) whe, instead of exsmining the iatact viriom,

studied the products formed by dissociation of thq viwrus under eouuu“ -~

_conditions. Tt has been shown that vhes the cardioviruses !.n(hoehtt
et al., 1969; Dunker and_Rueckert, 1971), EMC (McOregor ot al., 1975).‘
and Mengo (Hik ot al., 1970) are incudbated at pit 3 to 6.5 in the presence
of 0.1 to 0.2 M chloride ions, viral capsids are dissociated into sud-
units wvhich have sedimentation cogfficioht of about 193 and & wmolecular
weight of about 425,000. The viral RNA, together with the smallest .cap-
sid polypeptide, 8, are released during the dissociation. Polyacrvliamide
gel electrophoresis roytilod that the 148 subunit prodﬁced from ME virue
{s composed of equimolar amounts of the capsid polypeptides &, 8 and ¥
with molecular veighia‘of 33,000 130,500 npd 25.000‘;e¢pcct1vi1y

(Rueckert ¢t al., 1969). The 145 subunit can be further dissociated into

SS fragments (MW = 86,000) with the same polypeptide composition by

’
<

treatment with 2M urea, suggesting that the 55 subunit is n.pr?to-nr
containing one molecule of each polypeptide, i.e. (aBy), ;nd that the

14S structure Yx _an oliggner composed of five of the smaller 5S subunits,
i.e. (087)5. The capsid of the ME virion is thus made up of 60 protomers
(5S) bonded together in clusters of five to form twelve 14S subunits
(;apsomeres), one of which 1s centered at each vertex of the icosahedral
particle (Dunker and Rueckert, 1971). A very similar model, based on

the results of similar types of studiei as well as on‘piectron micro-~
scopic data, has been proposed for the Mengo virion by Mak et al.,

(1974).

L )



Altheugh the groes nnhloqy of the puon-vtm capeid hae boen
olue“uul. the fiwe mm wvith r&put to the »ntul relationshipe
ond tntoneﬂm betveen individual cepeid nlm'tuu svaite further
.;‘lrtftcntton. Tor enample, the enast locatiom of the 0!.1100& enpot‘
polypeptide ¢, 1s still the subject of some comtreversy. It m b.ti
suggested that & e located om the oxt.ml ovrface of tho viriea and
1s responsidble for tte sttachment te Mlo e!-no umnaz mu
Philipson et al., 1973). Fowever, recent studies involviig laéto-
peroxidase-catalyszed fodination of surface poiypoptldoo (Carthew and
Martin, 1974; Lund et al., 1977).f3l-acot1c‘.c1‘ snhydride treatment
of intact virions (Lonbct"g-lbll and lut'tcrv:rth. 1976), and ismunological
tests with monospecific antisera to individual capsid poly;cptidol (Lund
et al;. 1977) suggest that this polypeptide may occupy some internal
site. 'Alos. knovledge regarding the arrnﬁglnnt of tﬁo a,r ;nd § poly-
peptides in the structural unit (ptoto-or) is still v.ryflinited. Trom
the results of chemical cross-linking studies, Fordern et al(1978) have
suggested that these polypeptid;- occupy discreet domains within the
lt;uctute unit, that they are held together by a-y-B or vy-a-8 non-
covalent interactions, and thag,the associations of structural units

into pentamers are maintained through a-a interactions.

Viral Replication

. Attach-en:1,Uncoatiggland Penetration of the Virion

The first step of the replicative cycle 1s the attachment of virus
particles to specific receptors on the .urfaES\:f susceptible cells. It
has been estimated that each cell possesses 10 105 receptors of a

particular type (Crowell ¢t.al.,1971; Lonberg-~Holm and Korant,, 1972).
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(1977) resently sugpested that mupu dhods ferende wpon the prddesse
of otalie écid restdues on' the tell Surfsce and the total sember of
receptors ann»h né cell, |

. It has been reported by several vorluu th.t the small un“ nl;-
nn“o. #(V4), te responsidle for aeue“ enhu and Philtpoce
(1971) and Lonberg-Nols sad Koraat (1972) ohowed that both Cemssekie esld
rhinoviruses, after elution from cells to vhich they had heen briefly
adsorbed, were not capable of reattachment aQ‘ vere thus no longer
1nhuioug. Loss of i{nfectivity {n these cases and in enalogous etudies
vith poliovirus (Breindl, 1971) was correlated to the loes of vPé(8),
vhich 1fd to the sugmestien that this polypeptide may be the “attachment
pr§toin”. Fowever, the finding that VP4 (4) occupies an internal location
in the virion (Lund et al., 1977) is elearly incompatible with this -;dol.
An alternative model has been provided by the studies of Korant et al.,
(1975) which show that the elution of picornaviruses from cells (with
.attondant lose Qf infc;tivity) is accompanied by a drastic change in

the conformation of the capseid polypeptides, and suggest éh‘t the loes

of VP4 may be incidental to the 1nnét;vat1n. process. These workers have
shown that preparations of rhinovirus may be resolved into two popullfioac
by {soelectric focusing, and that although both populations have the

same polypeptide composition (including VP4), those particles whose low
iscelectric point suggests an altered conformation of capsid poly-
peptides do not attach to susceptible cells.

A rearrangement of capsid conforaation during or after attachment

to the plasma membrane appears to be essential for the subsequent
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uncoating process which leads to the release bf'viral RNA into the
cyto?la-m. This view is supported by the observation that agents
such as glutathione and sodium dodecyl sulfate (SDS) which stabzlize
“the native conformaaLon of poliovifus (Lonberg-Holm et al., 1975) and
v r,hi;uovirus (Lorberg-Holm and Noble-Harvey, 1973) respectively.‘ as
evianced by increased h;at stability, also inhibit plaque formation.
Precisely what follows immediately after the initial capsid modif-
icatipn step 18 not cléar. Based on the observed lipophilfc character
of modified particles when exposed to artifically prepared liposomes
(Lonberg-Holm et al., 1976), Lonberg-Holm and Whitelev (1976) havF
.Droposed that the modifiéd virion intercalates into the cell membrane )

]

"before the final uncoating stage.: This model has been extended recently
by De Sena and Mandel (1977)’who showed that modified virions prepared
in vitro by incubation with a cell m;mbrane suspension became sensitive
to proteases and detergents, and sugge;ted that uncoiting involves the
occurrence of a number of transitory unstable interméd(ates. Although
the exact mechanism of uncpating is still to be resolved, the final out-
come of this process is the releaée of viral RNA into the cytoplasm.

¢

Alterations of Celluler Metaholism

Shortly after picofnavirus infection, the rate of svnthesisg of
cellular proteins, RNA and DNA begins to decline (for ; review, see
Rekosh, 1977). Although this inhibitory phenonmenon has been recognized
for years, elucidation of the mechanism of this viral function has been
difficult, partly due to the fact that the rate and extent of such

inhibition depend on the multiplicity of infection as well as on the

strain of virus and the cell tvpe involved.
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Inhibition of host protein synthesis can be attribui@d to one or
more pf the'followipg: (1) input virion protéins, (11) 1input vit{on
RNA and (111) a product of a functional viral genome. Over the ye;rs
. reports favoring each possibility have been Presented, but evidence
that a functional viral genome i8 required for the inhibition of cell? .
ular protein synthesis has been the most compelling. It was first shown
by Baltimore and co-workers (1963) that p-fluorophenylalanine (FPA),
an inhibitor of protein synthesis, could block the ability of Mengo
virrs to inhibit cell protein synthesis, Later results have shown that
light inactivation of proflavin-sensitized virus (Holland, 1964) oy ultra-
violet light inactivation of virus (Penman and Summers, 1965; Helentjaris
and Fhrenfeld, 1211) prevents it from carrying out the inhibition.
Such observations lend strong support to the hypothesis that inhibition
of’ ell protein synthesis requires the activity of a specific virél gene
' pgéiE;t.
An altermnative model has been proposed bv Fhrenfeld and Hunt (1971)
who suggested that double—strandedd(ds) RNA, a by-product of viral
Nreplication (see next section), might be responsible for the inhibition
of host protein synthesis. This suggestion was based on thg observation
that double-§tranded RNA inhibits the initiation of protein synthesis
‘when added to a rabbit reticulocvte cell-free system. It has been
proposed that such inhibition is caused by the inactivation of tﬁe in-
itiation factor IF-3 (Kaempfer and Kaufman, 1973).. However, it was
found later (Celma and Ehrenfeld, 1974) that both viral and cellular
mRNA translation are equally sensitive to such 1nh1b;tion. This result,

in conjunction with previous observations that the shutoff of host cell

protein synthesis occurs early in infection (Baltimore, 1969) as well



. 4
as in the absence of RNA replication (Rolland, 1964) when little, if any,

ds RNA 18 present, make it seem unlikely that ds RﬂA'playl a role in

-,
-

the shutof{ phenomenon.

Inhibition of cellular protein synthesis is characterized by a
disintegration of host cell polysome structures, followed by formation
of virus-specific polysomes and virus-directed protein syntgesis
(Penman et al., 1963). Pre-existing cell mRNA appears not to be de-
graded ifter infection (Willems ;nd Penman, 1966; Colby et al., 1974).
Leibowit 2 and Pénman (1971) have suggested that shutoff is due to more
efficient initiation of translation of vi;al RNA than of cellular mRNA in
infected cells. Using cell-free protein synthesizing systems, Colby
et al., (1974) and Lawrence and Thach (1974) demonstrated that viral
RNA can suppress the translation of nonviral mRNAs under certain con-
ditions, Qnd concluded that competition between host and viral mRNAs at
the initiation step of protein svnthesis is probably the basis of such
differential translation. Although this argument may explain the in-
hibition of host protein svnthesis late in infection, it does not pro-
vide a completely satisfactory explanation for the decrease in host
protein synthesis early in infection. Attempts to identify an early
viral protein which may function as a positive or negative modulator of
protein synthesis have proved unfruitful (Abreu and Lucas~Lenard, 1976).
However, Fernandez-Munoz and Darnell (1976), noting that host mRNA has
*a "capped" 5' end whereas viral mRNA does not, have suggested that this
difference may provide a molecular basis for discrimination at the level
of initiation between host and virus mRNA .

In addition to cell protein synthesis, host RNA synthesis is also

affected early in infection (Baltimore, 1969). Since the rates of RNA

12



degradation ippear to be normal in picorunvifus-infected cells (Colby
‘ct al., 197&).&gnhibition seems toO occut,a; the level of RNA synthesis.
In an ;ttempt{fo analyze the molecular mechanism for this shutoff,
Schwartz et al (1974) and Apriletti and Penhoet (1974) independently
demonstrated.that nuclei 1isolated from picornavirus-infected cells
showed inhibition of RNA polymerase II activity prior to inhibition of ‘
enzymes I and II1I. However, solubilized enzyme extracts prepared from
such nuclei were found to bg fully active with exogenous DNA as template.
Thus no firm conclusion can be drawn from these studies. The'neqhaniln
by which host cell RNA synthesis 1s shut off remains obscure and the '
3g§§ib{T1ty that the phenomenon is secondary to the inhibition of host
protein synthesis has not been entirely excluded. |

Inhibition of DNA synthesis during picornavirus {nfection has also
been ascribed to the shutoff of cell prote#n synthesis (Hand et al.,
1971) since tbis effect can be mimicked by -antibiotic-mediated inhibition
of protein syﬂthesis. Recently Hand and Oblin (1977) showed that'Mengo-
virus infection blocks the entry of dTTP into DNA by inhibiting the
initiation of synthesis of new DNA chains and have suggested that this
may represent a separate, more specific mechanism by which DNA synthesis

i1s inhibited.

Replication of Viral RNA

Kinetic studies have shown that the synthesis of viral RNA is
initiated within half an hour of infecfion and that viral RNA
accumulates at an exponential rate for the next 3-4 hours, after yhich_
synthesis becomes linear (Baltimore, 1969) and eventually stops at
about 7-8 hours post-infection. The fate of the newly synthesized viral

RNA is mediated by égme as yet unknown regulatory mechanism which

13~
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determines whether the nev molecule is to be cnca?lidated as virion RNA,
to serve as g‘templntc for tun‘éription. or to function as a mRNA for
tnnnlatﬁn.

Knowledge'fegarding the precise mechanism of RNA replicifléﬁfﬁ;; ‘
come largely from studies on RNA bacteriophages (for revievs see

! .

Weissmann et ql., 1968 and 1973; Spiegelman et al., 1968) as well as »
on picornaviruses (for review see Levintow, 1974). The kéi to our under-
standing has been the elucidation of the structure of another RNA species
found in infected cells, - tﬁe replicative intermediate (RI). In the
picornavirus system, the RI 1s heterogeneous in size and has a sedimen-
tation coefficient ranging between 2N and 70S in sucrose density grad-
ieA;s. Physicochemical characterization of the Ri indicated that it
consists of a double-stranded Jcore".with several single-stranded "tails"
of variable lengths attached (Baltimore et al., 1966; Baltimore, }968).
That this strﬁcture is a true intermediate in viral RNA synthesis was
first suggeéted by the observation that it is preferentially labeled
by brief pulses of radioactive precursors. The transcribing role of RI
was further confirmed by in vitro pulse-chase exp;riments using a mem-
brane-bound enzyme preparation (Girard, 1969; McDonnell and Levintow,
1970), in which the radioactivity in pulse-labeled R1 was shown £; flow
eventually into single-stranded progeny RNA molecules. The mode of
replication has been shown to be largely semiconservative. The
picture that has emerged is one 1q which a parental viral RNA molecule
(plus strand) serves as template from which 4-6 strands of complgmentary
RNA (minus strands) are transcribed, - each displacing a pre-existing

minus strand from the duplex as its synthesis proceeds. The complementary

RNA molecules in turn serve as templates for the Synthesis of viral RNA
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nolcculeo (plui strands) in an nnalogoﬁc fnohion; "This model suggests

tho existence of two di¥ferent classes of RI - ! one involved vith tho .
synthesis of';inun strands and thc'other wvith the synthesis of plus
strands. Howevcr.‘o&nthc.io of RNA {e auyqlctric in that more plus

than minus strands are made, an observation consistent with the finding
!iﬁt most of the complete uingle-otrandod -olcculac 1n RI's are co-ple-
mentary (minus ltrand) RNA (Bi-hop ci al., 1969). Whether this 1- 'y
result solely of :ho rnnovnl of plus strand RNA for translatiom or
-encapcidation 1; ;oi known.

In addition to single-stranded RNA and the replicative 1ntermediate;
a third species of RNA termeé the "replicative form" (RF) has been |
found in picornavirus-infected cells (Baltim?te and Girard, 1966).
P;ysicolchemical studies have revealed that 1t is a double-helical
molecule consisting of one viral (+) strand and one complementary (-)
strand. Since RF has beeh found to accumulate in the infected ceil at
A relatiéely constant rate, and to bear no demonstrable precursor-
product relationship with viral RNA (Baltimor. I&968 Girard, 1969). it
is believed to be a by-product of the replication process and to hhve
no significant biological role.

The observation that viral RNA synthesis takes place in the cyto-
plasm of infected cells rather than in the nucleus kFranklin and
Baltimore, 1962), coupled with the fact that metabalic imhibitors which
prevent DNA-directed DNA and RNA synthesis have no effect on the multi-
plication of picornaviruses (Simon, 1961; Reich et al., 1962), led to
the suggestion that the synthesis of viral RNA is mediated by an Rﬁk-
dependent RNA polymerase. The presente of such a virus-specific enzyme

(replicase) was subsequently demonstrated in both Mengo- and poliovirus-
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inféctod cells (ln1xtlor. and rrunklin. L963; laltinoro ot al.. 1963).

Aa 1oolatod fron cytopla ' tractu, thc cusylc activicy is .ooocintod -

‘.vith s lc-br-nc-bound structure co-poood -ainly of protoin and nuclcic
acids and tcr-cd tho rcplicntion ¢ulpl¢x (Girard ct at.. 1967). 1In
the prcsence of all four ribonucloooidc triphoaphateu.-uch a complex can
carry out in vitro reactions in which the product- are qualitativaly
analogous Ef‘:hgng cynthesized 1n Ehc infected cell (Forton et al.,

[y

3966).

ab.8

Edrii@ attempts to identify the replicase éolQpeptide(a) were
hanpered by th; lack of a suitable procedure to purify soluble enzyme
preparations active enough to resﬁond to an exogenously supplied template
(Arlinghaus and Polatnick, 1969; Fhrenfeld et al., 1970). However, a
poly C-dependent RNA polymetise was isolated from EMC Qitus-infected
cells (Rosenberg et alf. 1972). SDS-polyacrylamide gel analysis 2& the
purified enzyme complex revealed the presence of five polypeptides
(HW = 72,000 65, 000 57,000 45,000 and 35,000), one of which has a
mmlecular weight (57,000) identical to that of the viral non—structural

'po}ypeptide E. The other four polypeptides, believed to be of host
origin, have molecular weights almost identical to those of the four
aubunits of Q8 replicase (Kondo et al., 1970; Kamen, 1970). Similar
analyses of RNA replicase preparatioﬁs from Mengo- and poliovirus-
{nfected cells (Loesch and Arlinghaus, 1975; Lundquist et al., 1974),
together with further wvork on the EMC virus system (Traub et al., 1976)
have provided additional circumstantial evidence in support of the
hypothesis that the virus-specified, non-structural polypeptide E is

a component of the viral-specific RNA polymerase.
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Attempts to diaon.tf;t; replicase activity in cell-free systems
using exogenous templates have met with only limited success. éowevor.
it 1s of interest to note that recently Flanegan and Baltimore (1977)
have detected a poly A-oligo decpcndcnt poly U polymera;e in polio-
“virus-infected Hela cells, and have auggestéd that the viral RNA poly-
merase may be a primer-dependent enzyme.

N ¢

Synthesis of Viral Protein

The synthesis of all virpl-ppccific proteins tahgo Place on large
(3508) polysomes (Penman et aZmr 1964) which are tightly bound to cyto-
plasmic membranes (Caliguiri and Tamm, 1969). Only one t;pe of messenger
RNA is present in these polysomes and 1t is indistinguishable from the -
virion RNA in terms of size, base composition and ability to hybridize
to minus strands (Levintow, 1974). That the virion RNA can function as
mRNA has also been demonstrated repeatedly in cell-free systems where
the polypeptides synthesized are the same as those found in infected
cells (Rekosh, 1977).
From gel electrophoretic analysis of extracts of picornavirus-
infected cells, approximately 14 virus-specific polypeptides can be
identified (for review see Hershko and Fry, 1975). A study of the
kinetics of labeling of these polepeptides revealed that the smaller
capsid and non-capsid pélypeptides are formed by the cleavage of larger
pr;cursors and that the combined molecula; weights of the stable final
products.correspond to the coding capacity of the entire viral genome
‘(Sﬁmmers and Maizel, 1968; Holland and Kiehn, 1968; Jacobson and
Baltimore, 1968a). ) .
Jacobson and Baltimore (1968a) first suggested that the viral RNA ' ‘

is translated to yield a large precursor polypeptide ("polyprotein"),

a5



from which all viral proteins :fo producod:by subsequent cleavages.
With the exception of Coxsackie virus-infected cells (Kiehn and
Holland, 1970), such a large polyﬁrotein (M > 200,000) cannot be
detected under normal conditions, probably due to the fact that cleavage
of the nascent polyprotein occurs while it is still being synthesized.
However, the presence of this giant molecule can be demonstrated easily
in infected cells in which proteolykic cleavage is blocked by the
incorporation of amino acid analogues into the ptimary‘sequenéevof the
protein (Jacobson et al., 1970; Paucha et qz.. 1974), by specific
protease inhibitors such as TPCK or TLCK (Koréﬁt, 1972; Summers et al.,
1972)or by zinc ions (Butterworth and Korant, 1974; Korant and
Butterworth, 1976). Accu‘glation 6f'giant polypeptidqg has also been
observed in cells infected with certain Cempefature-sensitive mutants
and incubated at the restrictive temperature (Coover et al., 1970;
Carfinkle and Tershak, 1971). Furthermore, Roumiantzeff et al. (1971)
reported that membrane-~bound polysomes frsm poliovirus-infected cells
synthesized a protein in vitro whose size suggested that it was produced
by uninterrupted translation of the entire viral genome.

Indirect evidence to support the above hypothesis has also been
provided by studies of picornavirus RNA-directed protein synthesis
in cell-free systems, which {ndicate that the viral RNA molecule contains
only a single site for the initiation of translation (aberg and
Shatkin, 1972; Boime and Leder, 1972; Smith, 1973; Villa-Komaroff
et al., 1975). These observations would lead one to predict that
in vivo, all pfcornavirus-specified proteins would be synthesized in
equimolar amounts, and this appears to be so in the case of EMC virus

(Butterworth and Rueckert, 1972a; Butterworth, 1973). However,

18



contradictory findings have been reported. For example, Celma and
Ehfenfeld (1975) have reported findings which they 1nterpre£ as
evidence that the poliovirus genome contains two initiation sites

for translation, and Lucas-Lenard (1974) and Paucha et al.(1974) have
shown that at later times in the Mengo virus replication cycle, there
is an increase in the amount of capsid relative to non-cipsid protein
synthesized. The lattef results éuggést that Mengo RNA may contain a
weak internal tetﬁination signal, as seems to be the case in some RNA
bacteriophages (Weissmann et al., 1973). .
The presently known cleavage steps in the formation of picorna-

virus polypeptides are shown in Fig. 1. .The gene order of the stable

viral proteins, namely - §,8,v,a,G,H,F,I and F, has been determined

mainly by the use of pactamvcin, a drug which at appropriate concentrations

specifically inhibits the initiation of protein svnthesis but not the
elongation of peptide chains (Summers and Mafzel, 1971; Butterworth and
Rueckert, 1972a). .Other techniques that have been applied‘;o establish
precursor-product relationships include kinetic pulse-chase experiments
(Butterworth and Rueckert, 1972b) and cvanogen bromide and tryp;ic
mapping of isolated polypeptides (Butterworth e® al., 1971; Dobos and
Plourde, 1973). All such studies have shown that the pattern of post-
translational cleavage is very similar for poliovirus (Butterworth,
1973), EMC virus (Butterworth and Rueckert, 1972b; Butterworth, 1973)
rhinovirus 1A (Butterworth, 1973; McLean and Rueckert, 1973) and Mengo-
virus (Paucha et al,,1974; Luc;s-Lenard, 1974).

As depicted in Fig. 1, the primary cleavage of the nascent poly-

protein gives rise to three large primary polypeptides, A, F and C, as

well as two smaller, noncapsid polypeptides (G and H). Product C,
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corresponding to the 3' regiom of the vﬁal RNA, undergoes further
proteolytic cleavages to produce the stable, noncapsid pelypeptides £
and I, Product A, vhich corresponds to the $' region of the viral
RNA,1s the precursor of the capsid polypeptides. The conversion of
A+¢, aand ¥ occ"url by vhat have been termdd secondary cleavages.
The morphogenic cleavage, ¢ - § + B, occurs during the final stages of
viriow assembly, apparently after virel RNA 1 encepsidated. Poly-
peptide F is stable and does not undergo further cleavages.

Although such posttranslational cleavages are clearly enzvmatic
processes, the precise nature of ghe enzyme(s) involved has not heen
established, Availahle information has come largelv from studies of
the effects of protease inhibitors on the cleavage process. Kora?t
(1972), working with tvoe 2 poliovirus, showed that the chymotrvvsin
inhibitor TPCK blocks the cleavage of the'polyptoteih‘in infected
monkey kidney cells, but that the trypsin inhibitor TLCK is more
effective in infected Hela cells. Similar findings have also beeﬁ'
reported by §ummers et al., (1972). The premise that the p{}ﬂary
cleavages ar; catalyzed by a cellular protease (or proteases) has been
further supported by the observation (Korant, 1972) that the poliovirus
polyprotgin, isolated from monkev kidné} cglls infected in the presence
of TPCK, can be converted, by incubation with extracts of uninfected
cells, into products similar to those;produced by primary cleavages
in vivo. In contrast, secondary cleavages were shown to occur only in
the presence of extracts of infected cells, which suggests that a viral
proi.pge i{s involved at this stage (Koran;, 1972; Korant, 1973).

AN

Based on information regarding the N- and C-terminal amino acids

of various picornavirus capsid proteins, Ziola and Scraba (1976) have -

)}



suggested that the secondary cleavages, B + ¢ +.h2 and nz sy +4a,

22

are probably carried out dy a single virus-specified protease vith a
specificity for peptide bonds 1nvolvin; the carbonyl function of glut-~
amine residues,

A different approach, adopted by Lawrence and Thach (1975), has
beqn to examine the l.nth.lil sand cleavage of polypeotides in a cell-
free system. T\otf"f:linQn suggest that an early stage 1n't‘o procono;

Ly

ing of the capsid precursor A r@puires a proteolvtic activity vhich is ¢ T
ﬂnot detected in uninfected control cells and which appears to co-?urity
‘'with the viral caosid protein y. Since v is ;n {ntegral part of A, such
\ ‘a cleavage orocess would be class{fied as autocatalvtic. These invest-

igators have also proposed that polyneptide y may be :!Loonsiblc for the ~
maturation cleavage, ¢ + § + 8, that takes place during the final
assembly of the virion. 1In this case, cleavage could be initiated by

the additfon of viral RNA,.

Virfon Assembly

Studies on the morphogenesis of picornaviruses have focused primar-‘
. o
ily on the identif{cation and characterization of capsid-related
structures In extracts of {nfected cells (for a review see Casjens
and King, 1975). Such structures, termed "subviral particles',

.

represent immature virions in various stages of assembly. In the case
,of poliovirus, subviral particles having sedimentation coefficients of
5SS, 14S, 73S and 125S have been detected in infected cells, in additioh
to lSSSnature'virionl.

The 5S particle is a complex of VPO,VP1l and VP3 (e, a and vy in the

cardiovirus system) and probably corresponds to the "{mmature protomer"

which arises immediately upon cleavage of the precursor of the capsid -
’



proteins ("hillipe ot al., 19648). AIM e tgo‘otu precurser-
product relationship has sever bukdo-:auu.d. the sise and composi-
~tion of the 148 particle 1o consistent with the proposition that ic {e
nunnuu of u.n of the 3% uuo.' The 148 ewdbwmite are capablb of
self-assembly {n vitro to fors a 738 strusters Vhich 1e tndistMguishabie
from the naturally occurring empty cepeid ("hillips, 1969 and 1971)!

Th{s reaction {is cuhancod‘ by the eddition of reugh meubrimes frem ta-
fected cells (Perlinm and Phillips, 1973) and it has-been lp'.cotod.thlt
gho membranes pro-;to the sssemhlyv process by adsorbing asnd concentrating
the reactants. )

T™e 73S particles, which are produced during the normal course of '

poliovirus infection (Matzel ot al., 1967), also contain VPO, VPl and

VP3, and on the hasis of electron microscopic studies, are generally
helieved to be empty capsids (procansids). Jacobson and Raltimore

(1968b) found that 738 particles sccumulate in infected c.lil in the
presence of 3aM guanidine hvdrochloride, and since the tabeled ;rotcin

was found to be chased into mature virions upon removal of the guanidine,
thev concluded that the 7;; particle is a precursor in th: assesbly
process. Fernandez-Tomas and Baltimore (1973) subsequently detected s
"128S particle which contains RNA, but in vhich VPO s still uncleaved.

The 125S darticle, "or "provirion", thus mpoq‘:; to ’bo the {mmediate
precurod} of the mature virion vhq’e capnid'containl vP1, VP2, VP3,

VP4 and only a small amount of VPO, the 1-‘3iﬁ:t‘prccuroor of VP2 and VP4,

. :

On the basis of these data, the following pathway has been suggest-

ed for poliovirus morphogenesis (Casjens and Xing, 1975).
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Although this scheme seems to be comvnlete, and compa;ible with most
of the data obtained from studies of the poliovirus system, it has been
criticizeé, - nost of the criticism being directed at the ascribed role
‘of the 73S procapsid. Firstly, there is no convincing eyiaence }hat
empty capsids are produced in cardievirus systems. Seéondly, attempts
to demonstrate that the emptv capsids found in other picornavirus svs-
tems [eg. in cells infected with FMDV (Rowlands et al., 1975) and bovine
enterovirus 1 (Su and Taylor, 1976)] are intermediates in the assembly
p;thvayvﬁave not been giccessfﬁl. Third1§; Ghendon et al. (1972) re-
ported that 14S rather tﬂan 73S particleg accumulate in poliovirus-
infected MiO cells (from~rhe§us monkey tonsils) in the presence of
guanidine, and that when the guanidine is removed, the accumulated 145
material is chased into virions without the appeérance of 73S procapsids.
Fourthly, Wright and Cooper (1976) showed that although VPO VPl and
VP3 are in close association with the replication copplex, the probable

site of viral RNA encapsidation, ‘they are not present in the form of

empty capsids. Considered in toto, these observgtions do cast

*
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some doubt on the ass:umptio. that the 73S particle is a true ;nte;‘\-)
mediate in ;ﬂﬁ?dbsembly pathway, agd leave open the possibility that
it is Mrei;.‘:product of abortive assembly.

Turning to the cardiovirus subgroup, McGregor et al.(1975), work-
ing with FMC virus reported the detection of two capsid precuridts (13
and 14S) in infected cells. The 135S particle, believed to be of pély—
peptide composition (A)S, is rapidly ldbeled when infected cells are
incubated with 3H— amino acids, and its radicactivitv {s chased affér
a short period into the 14S particle of polypgptide composition
(e,u,&)s. Since these workers could not detect (e;a,y) in monomeric
form in their cell extracts, thevy have sugpgested that polymerization
of A chains mav be a prerequisite for seégndarv cleavages, and qon that

basis have oroposed the following scheme for the assemblv of the EMC

virion:

A————-*(A) —(g,a,Y) *}T RNA[(GBGY)60 (ech) )

138 150S mature virion
.’J ’
Later work by the same group (McGregor and Rueckert, 1977) indicated
that the early steps in the assembly of rhinobirué 1A follows a ’
similar pathway.

Whether or nof the two pathways outlined above reflect realv}unda—
mental diff;rences in assembly mechalisms among various picornavirus
subgroups is debatable. For example, it is possible that the initial
steps in the assembly of poliovirus also involve a 13S aggregate, and
that the 55 structures are merely breakdown products of the 14S

particle. Also, Prather and Taylor (1975) have reported the detection

of 80 and 125 particles during the replication of Mengo virus in a
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restrictive bovine kidney ceil line (MDBK). However, no attempt was
made to characterige these atrucg‘.ns. In view o? such amkiguities. it
is clear that additional studies, ideally on individual members éf each
subgroup, are required before the full details of the assembly pathway(s)

of the picornaviruses are: elucidated, *

* h k k Kk k & <

The work deséribed in this thesis may be divided into two parts:
1) a study of a subviral pdrticle'having a sedimentation coefficient
of about S0S, whidh had been detected earlier in this laboratory (Paucha,
1976) in extracts of Mengo virus-infected moise L cells, - the primary
objective being to establish whether this particle, which h#d not been
described previously, is an intermediate in the morphogenesis of Mengo

s °
virions. 2) A detailed examination of two of the temperature-sensitive

mutants of Mengo virus produced in this laboratorv (Downer et %E;,,&97€$:‘~\~\\\\\

undertaken as part of a larger investigation aimed at gaining an under-
standing of the biolégical functions of the non-structural, virus-specified
polypeptides syntﬂ;sized in infected ;ells.

The study of the "'50S particle' has provided rather convincing evidence
that it is an intermediate in’the agsenbly of Mengo virion, and, on the
basis of its biochemical and biophysical properties, a new hypothesgis
regarding the mechariism of Mengo virgs assembly has been formufgied.

The investigation of the temperature-aensitiye mutants revealed that

while both are temperature-sensitive with respect to RNA replication,.

one contains a second lesion that results in a paﬁal block in the

cléavage of the large capsid precursors. These studies also provided !

supporting evidence for the proposed role of the '"50S particle" in

virus asgsembly.



CHAPTER 11

ROUTINE MATERIALS AND METHODS =

Media

Tissye Culture Media

Fagle's minimum essential medium (MEM) for suspension cultures

.

and Fagle's basal medium (BME) for monolayer cultures were obtained

in powder form from the Flow Laporatories, Rockville, Md. The powder
was dissélved in distilled, deionized water and sodium bicarbonate was
added to a final concentration of 0.£22 before sterilization by
Millipore filtration (0.22 um pore size - Miilipore Corp., Bqdfo;d, Ma.,).
Both media were suppiémented with the following materials immediately
before use:

1) Horse serum (Flow Laboratories).to a final concentration of S¥”

, ©
for growth of cells or 1% for production of virus.
2) Penicillin G (Glaxo-Allenbury's Ltd., Toronto, Ont.) and
-streptom_vcin sulfate (Sigma Chemical Co., St. Louis, - Mo.) '

final concentrations of 100 I.U, and 50 ug/ml respectively

Amino Acid Defi;ient Med{ium . ,ﬁf -

The medium is similar to Fagle's basal medium (BMF) 1in composition
except that it contains no am1n§ acids ;ther than glutamine. After
addition of sodium bicarbonate (final conc. = 0.06%), the medium was
sterilized and supplemented with 17 horse serum and antibiotics as

described above.

Virus Diluent

This is the buffered (pH 7.6) balanced salt solution (PBS) ¢

described by Dulbecco and Vogt (1954) containing 0.27 bovine plasma

27
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albumin, fraction V (Gallard-Schlesinger Chemical Manufacturing Corp.,
Carle Place, N.Y.), 0.02% phenol red (J.T. Baker Chemical Co.,
Phillipsburg, N.J.), 100 I.U./ml penicillin and 100 ug/ml streptomycin.

Overlay Diluent ' ’ (

This solution contiins three times the normal cancentration of *
quks' salts, six tines normal“cbncentratiogs of both Basal Eagle's
amino acids (gzltimore Biological Laboratory, Division of BRecton
DPickinspn af 1 Company, Cockeysville, Md,) .and MEM vitamin solution
(Gibeo), fgve times the uBual concentrations -of penicillin and strepto-
mycin, 0,787 sodium bicarbonate and 30X {nactivated (56°C‘}or 45 min)
calf serum. |

Aaer Overlay

This is prepared by mixing one volume of overlay diluent wigh two

volumes of 1.6% distilled water solution of Noble agar (Difco Lab-

oratories, Detroit, Mich.) at 45°¢.

Eultured L Cells

Farle's L-929.sttain of mouse fibroblasts (Sanford et al., 1948)
were used as host cells in these studies. They were éﬁtained from the
American Type Culture Collection, Rockville, Md.

The cells were maintained‘in monolaverg culture in 1-litre Blake
bottles (Kimble Products, Ovens-T1linois Co., Toledo, Ohio) at 37°c.
When the cultures had reached confluence, the cells were harvested by
a brief 1nbubption with trypsin (0.25%Z, Difco) in a buffer containing
10 mM phosphate, pH 7.4, 142.8 m@ sodium chloride and 2.8 mM potassium

chloride. Cells from several bottles were resuspended in fresh BME - 5%

HS and used to maintain the Blake bottle stock, while the remaining
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cells were resuspfided in gpinner mwedium 8t a contentration of 2 x 10

cells/ml and transferced ¢o 1- or 2-1itTe Spinner flasks (Bellco

Biological GlasswiTe, Vinglsnd, N.J:) fOT further provagation at 371%.

virus , »
® ./
The plaque varignte of Mengo virus de'isnnted as M-Mengo (Ellem

and Colter, I}il) Vas used throughout these studies.

Virus Gréwth in Rolier Bottles

Confluent L ceil monolayers were grown in large cyiindrical bottles
(490 mm x 110 ﬂ"filmeter - Bellco 31°1°;1¢&i‘classware) coated with
fetal calf serum (Floy Laboratories) PTior to geeding to facilitate
the attachment of cells, 1 cells harvested from suspenéion culture
wefg/then resuspénded 1 fresh pME-5% HS at a density of about qu
cells/ml and disPensed {5 150 ml 811QUOtS to the coated roller bottles.
The bottles were TOtated on a Bellc® roller apparatus at 0.2 rpm for
3 hr after which the Speed wa; increased to ] rpm. When confluent
monolayers were Obtained, the cells 1n each roller bottle were infected
at an approximat® multiplicity of 10 PFU/cell with Mengo virus suspended
in 20 ml of grovth medlum (17 horse serum). The bottles were then .
rotated at 0.2 ¥P@ ‘for 3 hr. andvl rpm for ap additional 20 to 24 hr.
At the end o} this time, most of the cells had lysed and'conld be dis-
'

lodged from the Blasg by ghaking:

Virus Purification

e e .

The procedtre employed for virus purification has been described
by Ziola and ScTaba (1974).
Lysates of Infected L cells Were® POOled and centrifuged at 1,000 g

for 15 min. The Pellet was reguspeﬂded in a gmall volume of distilled

3
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water, frozen and thawved three times to release irippod virus and re-
ccntrifugod.‘ The combined oupérnatnntl were chilled in ice, after
vhich the vi?us ;au precipitated by the addition of cold (-io°)
methanol to a final concentration of 207 and allowing the solution |
5? atand overnight at -20°c. Tﬁé'precipitate was collected by cen-
'trifﬁggtion at 5,000 g for 3N min, -ﬁspended in"0,2 M sodium phdophdte
' sgffer. pH 7.8 and homogeriized by hand in a Potter-Elvehjem tissue
hoyogenizer (Arthur H, Thomas Co., fhiladelphia, Pa.) to disrupt large
aggregates. A solution of a-chymotrypsin (3x recrystallized -
Worthington Biochemicals, Freehold, N.J.) vas added to give a final
enzyme concentration of 0.8 mg/ml a;d the mixture incubated for 20 min
at 37° with stirring. An equal volume of 0.2M sodium pvrophosphate,
pH 8.0 was added and ingubation continued for an’additional'zo min.
Thenzfxture was then chilled and clarified by centrifugation at 20,0N0 g
for in min. Virus was pelleted from the supernatant by centrifugation
at 120,000 g for 60 min, and resuspended by homogeniz;tion in a small

volume of 0.1 M sodium phosphate buffer, pH 7.4. Y

¢ w4
The partially purified virus was. sedimented through a discontinuous

gradient made of equal (13 ml) volumeg’of 152 and 30% sucrose by
centrifugation for 20 hr at 20,000 rpm in a spinco SW27 rotor. The
pell?c vas_again resuspended by homogenization in 0.1 M sodium phosphate,
JpH 7.4, and mixed with an aqueous solution of cgzso& to a final density
.of 1.31 g/cm3. After centrifugation for 20 hr at 40,000 rpm in a
Spinco SW50.1 rotor, the virus, which apbeared as a wvhite band near the

middle of the gradient, was collect through ‘the side of the tube with

a syringe. Salt was removed by passage Xhrough a 3 cmz x 20 cm column

of Sephﬁhex G25 and the virus was stored at 4°C in 0.1 M sodium phosphate
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buffer, pH 7.4

gggpnfntion of Radioactively-Labeled Virus

L cell monolayers in roller bottles were infected with Mengo

virus in the amino acid deficient medium described. Two hours after

infection, 3H- or lac-lnbeled anino acid mixtures (New England Nucleer,

Montreal, Que.) were added to give final concentrations of 2 uCi/ml or

0.2 uCi/ml respectively. Subsequent procedures were identical to those

already described.

Plaque Assay of Infectious Virus

This procedure ha? beeﬁ described by Campbell and Cglter (1965).
Monolayers of L cells on 60 x 15 mm plastic petri dishes (Falcon
Plastics, Oxnard, Ca.) were prepared by harvesting cells from Spinner
culture, resuspending at a density of 5 x 105 cells/ml in fresh growth
medium (BME - 5% HS), and adding 5 ml of this suspension to each plate.
Confluence was reached after incubation for 24 hr at 37° in a humidified
atmosphere of 57 002 in air.

The medium was aspirated and each plate inoculated with 0.1 ml
of appropriate dilutions of virus in virus diluent. After incubation
for 1 hr at 37°C to allow virus to attach, each plate was overlaid with
4.5 ml of agar overlay.

Plaques were visible after incubation at 37° for an additional
48 hr. To facilit?te counting, plates were stained at this time by
addition of 3 ml of agar overlay containing 0.912 neutral red (Fisher

Scientific, Fair Lawn, N.J.).
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CHAPTER III
ﬁORPHOGENESIS OF MENGO VIRUS: IDENTIFICATION
{

AND CHARACTERIZATION OF SUBVIRAL PARTICLES

Introduction

It 1is éenerally accepted that all picornaviruses .share a funda-
mental similarity with respect to gross morphology, éhysical and
hydrodynamic properties, coyposition. and the mechanisms by which their
proteins and RNA'adre synthesized. However, there is8 np convincing
evidence that. members of the different subgroups follow a common path:
way of virion assembly. Uncertainty in this respect can be attributed
to the following factors., Firstly, with the exception of poliovirus,
information regarding the presence of subviral particles in picornavirus
-infected cells is fragmentary. Secondly, progress has been hampered
by the inherent difficulty associated with kinetic pulse-chase exper-
iments designed to establish precursor-product relationships between sub-
viral particles and mature virions.

In the case of poliovirus, thL most extensively studied of the
picornaviruses, four subviral particles, having sediment;tion coefficients
of 5S, 145, 73S and 125S, have been described (Casjens and King, 1975).
Although there is little doubt that the 14S structure, with the compo-
sition (VPO,1,3)5 - or (eav)5 using the cardiovirus subgroup nomenclature -
is a precursor in the assembly pathway of all picornaviruses, the role
of the 73S particle (empty capsid) as an intermediate haé been questioned,
partly because there is no convincing evidence that gpmparable structures

are produced in cells infected with other members of the picornavirus

family.
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In view of this uncertainty, the discoverv of a "SNS partigle”,
in nddition to the 148 structure, in Mengo virus-infected cells in
our laboratory (Paucha, 1976) was of considerable interest. 1In thil
chapter, the characterization of the "50S particle" is described in
terms of its biochemical and biophvsical oroperties.l The re.Qltn of
these studies suggest that this particle mav be a true intermediate

in the Mengo virus assemblv process, and provide the basis for a new

hypothesis concerning the morphogenesis of the Mengo vdrion.

Materials and Methods

Infection of Monolayers and Laheling of Viral Polvpepntides

Cells grown in either petri dishes (10" mm diam.) or roller
bottles (425 mm x 11N mm diam.) were infected at an estimated multi-
'plicity of 100 PFU/cell with Mengo virus suspended in virus diluent.
After incubation for 1 hr at 37°, the monolavers were washed with
warm (37°) BME-57 HS and then incubated in the same medium. Cells
were pulse-labeled by incubation for either 20 min (petri dish
cultures) or 30 min (roller bottle cultures) in amino acid-deficient
Fagle's medium containing 1”7 WS and either [3H] amino acids (30
uCi/ml) or [14C] amino acids (5 uCi/ml). Labeling was doné at
either 4.5 or 5 hr postinfection in the case of petri dish
cultures and at 5.5 hr postinfection with cells grown and Infected
in roller bottles. In.both cases the cultures were incubated in
a:ino acid-deficient medium for the hour immediately preceding the
labeling period. When labeling was followed by a chase period, the

monolayers (after removal of the radioactive meaium) were washed once

with PBS and incubated for the desired period of time in BME-57 HS,
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‘Practionation of Cells and Isolat{tmh of Subviral Particles

The cells were harvested from roller bottles by trypsinization,
collected into ice-cold BME'+ 5% HS, pelleted by low-speed centrifugation,
a;d washed sequentially with ice-cold PBS and RSB (reticulocyte standard
buffer, 10 mM Tris-HCl, pH 7.4, 10 mM KC1, 1.5 mM MgClz) before being
resuspended in homogenizing buffer (1 mM Tris-HC1l, pH 7.4, 1 mM KC],
and 1.5 mM MgClz). The monolayers grown in petri dishes were washed
with PBS and RSB, after which the cells were scraped off the dishes
into homogenizing buffer.

Cells were homogenized in an all-glass Dounce homogenizer with a
tightly fitting pestle, and the tonicity of the homogenéte was adjust-
ed to give final concentrations of 20 mM Tris-HC1l, pH 7.4, 107 mM KC1,

5 mM MgClz, and 6 mM B—merc;ptoethanol (TBS) by adding the appropriate
volume of 10 x concentrated TBS. After the addition of Nonidet P40
and sodium deoxycholate to give final concentrations of 1 and 0.57,
respectively, the nuclei were removed by low-speed centrifugation,
and the supernatant was separated into cytoplasmic supernatant (520)
and cytoplasmic pellet (on) as described by Roumiantzeff et al.(1971)
by centrifugation for 30 min at 20,000 g (13,000 rpm, JA-20 rotor,
Beckman (J21 centrifuge). Material having a sedimentation coefficient

of 14 S or larger was collected from the S fraction by centrifugation

20
for S hr at 45,000 rpm{(type 50 rotor; Beckman L5-65 centrifuge). "The
pellet so obtained is referred to herein as the ?‘5 fraction.

Sucrose Nensity Gradient Analyses

Centrifugal analyses of 820 and P45 fractions isolated from cells U]
grown in petri dishes were carried out by layering 0.5 to 0.8 ml

aliquots on 16 ml linear 15-45% sucrose gradienfs (in TBRS) and



centrifuging thes for 13.5 hr at 20,000 rpm (SW 27.1 rotor; Beckman
15-65 centr}fuse): The fractions (0.5 ml) were collected using 8
Be&man grLdient fractionator linked to an LKB peristaltic pume and

-

fraction collectoT. The single ennlyiie of an Szﬂ frection from &
roller bottle culture as described here vas carried out-on & 36 ml
15-45% sucrose gradient. Centrifugation vas for 12 hr at 20,000 rpm
(Beckman SW 27 rotor), and the gradient wag fractionated (1 ml fraction)
using.an 1SCO Model D gradient fractionator equipped with a Model UA-2
uv monitor (Instrumentation Specieltiel Co. Inc., Lincoln, Nebraska).
Following gradient centrifugation of the Sa0 preparations, 200 ul
aliquots of the gradient fractions were applied to filter paper disks
(WVhatman No. 3, 2.3 cm diameter) which were air-dried and washed
sequentially with 10% TCA, S% TCA, ethanol, and acetone before being
placed in scintillation vials., After centrifugation 6f the Pl‘5 prcferd
ationg, 200 vl aliquots of the gradient fractions were added directly
to scintillation vials. 1In poth cases, radioactivity va%)neasured in
the presence of 10 ml of Aquasol scintillation fluid (New England
Nuclear Corp.)ina Betkman 1iquid scintillation spectrometer (Model

15-230).

Polypeptide Analysis

The polypeptide composition of Mengo virions and of the subviral
structures recovered from the sucrose génsity gradients vas determined
by SDS—polyacrylamide gel electrophoresis carried out according to the
orocedure of Weber and Osborm (1969), using 7.5% gels (21 cm long and
polymerized in 6 =m 1.d. glass tubes) tMat had been acid-washed and
coated with dichlorodimethysilene. The gels were preelectrophoresed

for 1 hr at 8 mA/gel before the samples were applied.
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Gradient fractions containing llbol;s\v(xipnl or subviral particles
were made 1.5X in SDS, 2% {n B-mercaptoethanol, ;633’H~£a\p§!py1l.thy1-
sulfonyl fluoride (PMSF), and 0.002% in bromophenol bdlue ﬂnd vere heat--
ed at 100° for S min befors being l;;liod to the gels. Elebdtrophoreeis
was carried out at 4 mA/gel pfr the first hour, after which the current
vas increased to and held at 8 mA/gel for am sdditional 16 hr. The gels’
wvere fractionated using the automatic Aliquogel fractionator (Gilsom
Medical FElectronics, Inc.), and the fractions were incubated overnight
at 65° in 0.5 ml of 30% H202, after which the radioactivity {n each was

measured as described earlier.

Isolation of F. coli Ribosomes

E. coli grown 1in complete brﬁth medium containing [3H] uracil
(5 uCi/ml) were harvested at mid-log phase. The cells were then wash-
ed with a cold buffer containing 10 mM MgClz. 10 mM Tri.-HCl,-pH 7.4,
50 mM RC1, and 6 mM B-mercaptoethanol (TKM) and dioruptpd by grinding
with glass beads in a mortor and pestie. After sedimentation of un-
broken cells and debris, the ribosomes were pelleted by centfifugation
for 2 hr at 45,000 rpm (type 50 rotor; Beckman L5-65 centrifuge).
Adventitiously adsorbed proteins were removed by resuspending the ribo-
somes in a solution containing equal volumes of TKM buffer and 1M
NH4C1 and‘holding the suspension at room temperature for 5 min. After
removing large ribosomal aggregates by low speed centrifugation, the
washed ribosomes were pelleted as described above, resuspendd in TKM

buffer, and stored at -20°C.

Sepharose 4B Column Chromatography

Sepharose 4B, as a suspension in distilled water, was obtained

from Pharmacia Fine Chemicals. After repeated washings in TBS, the
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Sepharosé 43 was suspended in T3S, poured 1nto‘i colum (00 a0 x ) oo
diam.) and packed slowly at 4°C by passing the same buffer through .
the column at 8 flow rate of 10-12 ul/hr, Pbllzvia. a furcther pack- _ .
ing period of approximataly 7 to 10 days, the void volume of gho
column, determined as the elution voluip of calf thymus DRA, ;ﬁo found
to vary by less tMOSdonrnpoﬂdomﬂlﬂl
ChrOlato'rnphy vas performed at 4°C. In wost cases, the sample '
whose elution volume (Ve) was to bé determined wvas mixed with 4 05260
units of calf thymus DNA (for determination of void volume, V ) and i‘:

approximately 10,000 cpa of ‘c-thynidino (for dctcrninntion of total

volume of the gel bed, Vt) toopake up a2 tot ading volume of 0.8 ml,

“Tho column was eluted with Tfs t a flow itored by lcanl.of an

~LKB peristaltic pump) of 12 ml/hr. Fruct‘ pproximately 1 ml
volume v;re collected. -Depending on the sample, aliquots of appropriate
é%actionl wvere taken for o;ticll density measurements at either 260 or
; 0 nm,and for radiocactivity measurement in Aquasol scintillation
fluid as described earlier.

Moleculat Weight Determinations of Subviral Particles

Sepﬁaro.c 43 chromatograohy data are expressed in terms of Kav, ’
a parameter which 1s defined as follows: ’

_VrV ‘ !
| S e ° o (1)

where Ye = elution volume of , solute; Vo - véid volume of the columm;

apd Vt = total volume of the gel bed., .
The Kav of a molecule is in turn correlated with 1its Stokes radius

according to the following equation propoled’by Laurent and Killander

(1964):



(-log Kav)ll2 = a(B + a) | | : (2}

where a = Stokes radius, and a and B are constants related to the 0
intrinsic p:operties ofrthe gel matrix. The validity of these theoret-
1c111y der;ved relationships has been confirmed experimentQIIy by
Siegel and Monty (1966) who denonstrated a linear relationship between

e}ytion volume expressed in terms of Kav and Stokes radius for a variety

of proteins. [

-

With a Stokes radius neasured by means of a column that has been

(]

previoule’calibrated with markers of knowm Stokes radii, and a sed-
imentation coefficient determined by. sucrose density gradient centri-
fugation, reagonable estimates of the molecular weight of a macromolecule

can be obtained by employing the following equation:

6 wn Nas . .
Q - o0) \ ) ) (3}

where M = molecular weight, a = Stokes radius, s = sedimentation co-

M=

efficient, v = partial specific volume, n= viscosity of medium,
o = density of l‘dium, and N -'Avogadro's member.

The markers used in the chromatography studies were fibrinogen,
[3H] uridine-labeled R17 bacteriophages, [ C] amino acid labeled
Mengo virions and 13.4S subunits prepared therefrom (Mak et al., 1971).
The elution volumest(Ve), and hence the Kav, of these markers vere.
thus easily measured by nonitpring either the dbzéo (in the case of
fibrinogen) or radioactivity (in the case of R17, Mengo virus and
Mengo 13.4S subunit) of appropriate fractions; The Stokes ra&ius of
fibrinogen has been reported to be 107 ; (Scheraga'and Laskowski,
1957). The Stokes radii of the Mengo virion, the 13.4S Mengo viral

subunit d of R17 were calculated by means of Equation 3, using the

. * ' ]
known moldcular weights, sedimentation coefficients and partial

N
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specific volumes of these markers (Table 2).-

"  Chemicals and Radioisotopes

Calf thvmus DNA, cordycepin\and bovine fibrinogen were purchased
from Sigma Chemicai Company, Sf. Louis, Missouri.[3H]'uridine-labeled~‘
R17 bpgteriophage was a gift from Dr. S. Igarashi qf this department.
All r;dioisotopes were purchased from Ngw Fngland Nuclear: [3H] amino
actds (1.0 mCi/ml), [IAC] amino acids (Q.1 mCi/ml), [3ﬁ} uridine
(24.2 Ci/mmole), [3H] uracil (40-50 Ci/mmole), and [IAC]'thymidine

E

(54 mCi/mmole).

Results

Identification of Subviral Particles

The data obtained from sucrose density gradient centrifugal

analysis of the S fraction prepared from a roller bottle culture

20
of L cells, which were pulse-labeled for 35 nin at 5.5 hr after in-

>
fection with Mengo virus (m.o.i. = 100) and harvested after a chase
period of 60 min, are illustrated in Fig. 2. The fractions were mon-
itored for 00260 and for radioactivity. In addition to the intact

virions (150 S), a well-defined peak of labeled material was found at
‘a position between those occupied by the 40 and 60 S ribosomal subunits,
which are resolved cledrly from each other and from 80S ribosomes in a
15-45% sucrose density gradienty From the position of this peak in
the gradient, the material contained thereim was designated initially
"$0S particles". 3 ’
. LY
Whe# particulate material present in the 520 fraction was sedi-

mented by high-speed centrifugation and the pellet (Pl.5 fraction) was’

analyzed by sucrose density gradient centrifugation, the results shown



TABLE 2

]
Calculated Stokes Radii of Marker Particles

Molecular Sedimentation Partial Stokes radius. )

weight Qoefficient 2 specific

6 -13 volume .
(x10°) (x10" " “sec) (ml/g) (A)
Mengo virion  8.32° . 151 0.70° 145

Mengo virus . d 4
13.4S subunit 0.428° 13.4 0.73 76
R17 phage 3.88° 78 T o.68° 139

W
a

Calculated by means of Equation'b.
Scraba et al. (1967)

Calculated from the reported composition (aBY)S

(Mak et al.,1971) and molecular weights of

individual polypeptides (Ziola and Scraba, 1974).
) '

4 Mak et al. (1971) |

Boedtker and Gesteland (1975)
L
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[ ) . .
in Fig. 3 were obtained. In addition to }hc virus (150S) and "50S"pesks,

a wvell-defined pesk of more slowly sedimenting mat 14 ‘Vll observed.
\&"é&ho basis of compositional analysis (see folloJl‘h{,"ection) and
‘p;sition in the gradient, it seems clear that the material in this peak
is identical to the 145 particles shown by McGregor et al. (1973) to
be present 1n‘extfactl of EMC virul-infeéted cells.
A more preciag"estimate of the sedimentation coefficient of the
"50S particle"” was™obtained by comparing its sedimentation behavior in
15-45% linear sucrose density gradients with those of E. céli ribosomal
subunits (50S and 30S). TIllustrative data are shown in Fig. 4, in which
the positions of L ce11 ribosomal subunits in identical gradients are

also indicated. From the results of these studies, the sedimentation

coefficient of this previously undetected subviral particle was calculat-
' *

ed to be 53S. - o ' -y

Composition of the Subviral Particles

N

Peak fractions from each of the 14,i3,‘and 1508 peaks obtained

vy

by sucrose density gradient centrifugatidh »f a P 45 preparation were:
pooled separately and analyzed by SDS-PAGE The results illustrated
in Fig. 5 show that the 14 and 53S particles contain equimo!ﬁg amounts
of polypeptides €, a and Y. The mature virions as shown earlier by
Z{ola and Scraba (1974) contain approximately equimolar amounts of
polypeptides a,B,y and § plus a small quantity of polypeptide ¢,the
immediate p}eCursor qf g and & (Butterworth et al., 1971; Paucha
et al., 1974).

}o determine whether the 53S particle contains any viral RNA, )
[3H] uridine (10 uCi/ml) was added to a culture of infected cells

1 hr before they were pulse-labeled for 20 min (at 5 hr postinfection)



or IS0 S
.
[]
(o]
2 el
K
(1]
-
>
Z 6
z [
@
el
‘& [ ] [ ]

4r . 50S 148
m L ]
[,
P 4
=
(o}
O 2t

0 10 20 30

FRACTION NUMBER

Figure 3. Sedimentation analvsis of virus-specific particles isolated
from Mengo virus-infected cells. An 520 fraction, isolated from a
roller bottle cultyre as indicated in the legend to Fig. 2, was
centrifuged for S hr at 45,000 rpm at 4° (Beckman type 50 rotor).

The pellet (Py5 fragtion) was resuspended in TBS and layered on a

16 ml1 15-45% linear sucrose gradient, which was then centrifuged

at 20,000 rpm for 13.5 hr at 4° (Beckman SW 27.1 rotor). ‘Sedimenta-
tion was from right to left. . .
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Figure 4. Sedimentation analysis of a P45 fraction isolated from

Mengo virus-infected cells pulse—labeled with l4C-amino acids for

20 min at 5 hr postinfection and harvested after a chase period of

30 min. The P45 isolated was resuspended in a low Mgt TBS (0.5 mM
MgCly) to which purified E. coli ribosomes (3H-uraci¥-labeled) were

also added. Centrifugation through a 16 ml 15-45% linear sucrose
gradient in the same buffer was for 13.5 hr at 20,000 rpm (Beckman 27.1
rotor). OCradient fractions were anal9zed for acid insoluble l4c-counts
per minute (O) and 3H-counts per minute (@). The positions of L cell
ribosomal subunits (40S and 60S) were determined fi parallel
gradient in which the P45 fraction from uninfected | labeled over-
nighg with 3H-uridine was analyzed.
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Figure 5. SDS-polyaqrylamide gel electrophoretic analysis of 14,

S3 and 150S particles. Samples of the peak fractions from the
sucrose density gradient illustrated in Fig. 3 were solubilized

by heating them iti SDS and then analyzed as outlined under Materials
and Methods. Migration was from left to right.
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lkc-labeled amino acids (5 \Ci/ml)., After incubation for an

with
additional 30 min in the absence of labeled amino acids but in the
presence of [3H] uridine, the cells were harvested and a Pl‘5 fraction
was isolated therefrom and analyzed by sucrose density gradient
centrifugation. The results illustrated in Fig. 6 show clearly that
the 535S particle contains no viral RNA. Confirmatory evidence was
obtained by centrifuging 538 particles (recovered by high-;pecd cen-
trifugation from pooied sucrose density gradient fractions) to equilib-
rium in & CsCl density gradient (Fig. 7). The 53S particle w#s found
to have a buoyant density of 1.296 g/cm3, which is substantially lower
that of the intact virion (1.330 g{cm3) but very close to that
/(’:ZZSZZEA(af a particle containing protein only. . .

Precursor Role of 53S Particles: Pulse-chase Experiments

Since the polypeptide composition of the:-53S particle suggested
that it might be an intermediate in the assembly of Mengo virions,
conventional pulse-chase experiments were carried out in an attempt

e

to demonstrate a precursor-product relationship between the two sub-
viral particles and intact virioms. )

Replicate monolayer cultures of infected cells were pulse labeled
with [3H] amino acids for 20 min at 4.5 hr postinfectién, and cyto-
plasmic supernatants prepared immediately after the labeling period
and after subsequent chase periods of 30, 60 and 110 min were anéiyzed
by sucrose density gradient centrifugation. S20 rather than Pl‘5
fractions were used in this study, because the recovery of 14S particles

in the P45 fraction was found to be less than quantitative. TIllustrative

data are presented in Fig. 8.
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Figure 6. Sedimentation analysis of a P4§ fraction isolated from
Mengo virus-infected cells labeled with [JH] uridine and l4c_amino
acids. ' Cells were labeled with [3H] uridine from 4 to 5 hr post-
infection, then pulse lgbeled for 20 min with l4¢c_1abeled amino
acids, and harvested after an additional incubation period of 30 min
in medium containing [3W) uridine. Centrifugation through a 16 ml
15-45% linear sucrose density gradient was for 13.5 hr at 20,000 rpm
(Beckman SW 27.1 rotor). Gradient fractions were analyzed for acid-
insoluble l4C-counts per minute (O) and 3H-counts per minute (@).

<
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Figure 7. Equilibrium centrifugation of 150S and 53S particles in .
CsCl density gradients., Samples of the peak fractions from a grad-
ient comparable to that fllustrated in Fig. 3 were centrifuged in
separate gradients and are superimnosed here for comparison. (Q)

TS150S virion fraction; (@) 53S particle fraction; (A) buoyant
density (g/ml). '
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"Figure 8, Sedimentation analysis of S20 fractiongfprepared from Mengo
- virus-infected cells labeled for 2N min with [3H} amino acids at 4.5 hr
post{¥fection. Centrifugation through 16 ml 15-45% linear sucrose
density gradients was for 13.5 hr at 20,000 rpm (Beckman SW 27.1
rotor). 820 fractions were prepared immediately after the labeling
period (panel A) and after chase periods of 30 min (panel B), 60 min
(panel C,) and 110 min (panel D).
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No labeled virions were produccd during a 20 min labeling pcrto’
;}1;. BA), but radioactivity was found in the 535 pesk and fp :u. tod
!‘uctionl which contained a mixture of viral polypcptidu ta nddition
to the 148 particles. Analysis of the .20 fraction prepaxpd aftér a "
37 min chase period (Pig. 8B) revealed the appearance of a virus peak
(1508), an increase in the amount of label in the 338 peak, ngn loss
of radioactivity from the top fractions. With longor‘tﬁalo periods
(Figs. 8C and GQ). a progressive and essentially quantitative transfer
of tadioact1v1t§ from both the top fractions and the 5S3S peak !;to the
virions was observed. Very little of the 53S material remained ‘ftcr
a 110 min chase (panel D), and the residual radioactivity 1n(ihe top
fractions t:flected the presence of labeled viral, nonstructural
proteins (no 14S particlcctcould be detected in th"?as fractions pre-
pared after a chase period of 110 min).

These data show clearly that during a chase following a 20 min

labeling period, there is a progressive flow of rad{¥activity from

R

-3

14S and 53S particles into mature virions. The data syggest but do , Fﬁ*
- " Lt

not prove that the 53S particle is an intermediate between the 145 = . :' b
Tdy 4™

particles and virions on the asaenbly pathway, More convincing evi- “’ § X

dence that this is the case was obtained from similar studies inﬂ&hi&h

the effects of cordycepin were examined.

of 535 Particles.

Reports that the adenosine analog cordycepin (3'*deoxyadenosine)»—filz
’ L]
inhibits the replication of a number of viruses including human rhing¢ ;1"

virus (Nair and Owens, 1974), Newcastle disease and Sendai viruses

(Mahy et al., 1973), vaccinia virus (Nevins and Joklik, 1975), and %

- ° » ‘.,." .A
't‘ - .
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poliovirwe (Nair sed Piaiul.l. 1976) prompted an enmsmination of
offecte of this compound im our eystem. It wes @puad that cordye in
iohibits the synthests of viral rtbomlutu in ll-uo-h!oeu‘

and that st o concentratiom of 200 ul-n. iohidbition 1s repid —7
efficient (85-90%). This observation 1s 11lustrated by the date thews

in Pig. 9, as 1s the ua thet the ishibitism ean be veliowyd u—u )

by removing the nedium containing the cordycepin-.and washing ths mone-

layers twice with normal medium. After removal of the inhiﬁttor. viral

RNA synthesis resumes immediately and n'fqnto comparable to that in
control cultures. K3 |

The effect of cordycepin on the forllt'i,.s of S38 particles vas then
examined. Replicate cultures o.f\l.lcctnd c'ol_.lo were pulse lgbeled with
[311] amino acids at 4.5 hr posginfection, and cyéoplnnic .dpcmtnnt.
(S,o) vwere prepared (1) immediately after the labeling period, (i1)
after chu: periods of 45 and 135 min 1d BMP-S5Y RS, ({11) after cl\au"
_periods of 45 and 135 nin in BME-5Y RS contdining 200 ug of c'ord‘ccpin/
ml, and (iv) after a chase period of 45 min in M-Sﬁﬁ containing
§0 u‘of cordvcepin/nl foliowed (after vashing) by an additional chase
pow .80 nin in BME-5%7 HS. The results of sucrose dénsity gradient
amlyn- of the § 20 fractions are 11llustrated in Fig. 10.

"-The presence of cordycepin during a 45 min chase period was found

to reduce sharply the number of mature virions produced and to result

in a significant accumulation of 538 particles (Fig. 10B). When
cordycepin was remqved after a chase period of &S Gln. and wien the
cultures were incubated fog an additional 90 min in the absence of the
inhibitor, a quantitative transfer of radioactivity from the 53$ to

the virion peak was observed (Pig. 10C). The profile (not showm)

v

nd
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Figure 9. Effect of cordycepin on the synthesis of viral ribonucleates. '
[3H] Uridine (10 uCi/ml) was added to replicate cultures of Mengo
virus-infected cells at 2 hr postinfection. At 4.5 hr postinfection,
cordycepin (200 ug/ml) was added to some of the cultures, and at 5.5 hr
postinfection, half of the cultures: to which cordycepin had been

added were washed twice with culture medium and reincubated i1 med-

ium containing [3F] uridide. At various times from 3 to 7 hr post-
infection, the cultures were harvested, the cells were lysed, and the
lysates were andlyzed for acid-insoluble radioactivity. (@), no
cordycepin added; (O), cordycepin added at 4.5 hr postinfection;

(A), cordycepin added at 4.5 hr postinfection and removed by washing at
5.2 hr postinfection.
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Figure 10, Sedimentation anaiylis of S20 fractions grep‘ared from Mengo
virus-infected cells pulse-labeled for 20 min with [7H] ,amino acids
at 4.5 hr postinfection. Centrfifugation through 15-45% rose grad-
ients was for 13.5 hr at 20,000 rpm (Beckman SW 27.1 rotor). (A) S20
fraction prepared immediately after the lsgbeling period. (B) S29
fractions prepared after a chase period of 45 min in (O) BME-5X HS
and (@) BME-5Z HS containing 200 ug ¥f_cordycepin/ml. (C) S20
fractions prepared after (QO) a chase period of 135 min in BME-5Z HS
and (@) a chase period of 45 min in BME-5Z HS containing 200 ug of
cordycepin/ml followed by 90 min in BME-5Y HS after removal of the
cordycepin.
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obtained with the S,, fraction from cells that were incubated l?r

135 min in the presence gf cordycepin did not differ significantly

from that lhovn in Pig. 108, The size of the virus peak *-mod un-
e

changed, while the size of the 53S peak increased only. llightly,

Effect of KC1 Concentration on Recovety of Virus-SpeciQ!cw

Particles

During the course of this study it was found tgpt the concentration
of KC1 clployod.hau a marked effect on the release of slruc-opocific
particles into the 820 fraction and thus on their recovefy in the ébs
pellet. Infected cﬁltures were pulse labeled with [3R]d;mino acids for »ﬂ.ﬂ
20 min at 5 hr postinfection, after which they were incubated for an
additional 75 min in BME-SZ HS containing cordycepin (200 ug/ml) before
being harvested and homogenized as outlined under Material; and Meghods..
The homogenate was then divided into six aliquots, the KCi concentration
therein was adjusted to 0, 20, 40, 60, 80, and 100 mM, re;pectively. and
the P45 fractions were isolated from each as described earlier. Sucrose
density gradient an;lyses gave the results shown in Fig. 11. The con-
centration of KCl 1q!the suspending.buffer appears to have little or
no effect oQ th; amount of 14S mfterial:present 1n‘§re Pas.fraction but
does have a rather profound effect on the recovery df both vir{ons and
53S particles. -Only trace anountc 6! “Both were obtained Athe KC1 |
concentration 1n the cell houogenate was 60 mM or less. Significant
quaneities of both were recovered in the presence of 80 mM KCl, and the‘

maximum recovery was obtained at 100 mM KCl (higher concentrations of

the salt d1d not increase the yield further).
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Figure 11. Effect of KCl concentration on the recovery of virus-

specific particles from Mengo virus-infected cells. Infected cells

were pulse labeled for 20 min with [3H] amino acids at 5 hr postinfection,

chased for 75 min in the presence of cordycepin, and then homogenized

in homogenizing buffer. The homogenate was then divided into six

aliquots in which the KCl concentration was adjusted to 0 (<1), 20,

40, 60, 80, and 100 mM, respectively before P45 fractions were {solated.

The P45 fractions were suspended in TBS and analyzed in 15-45% sucrose
~ gradients (in TBS). Centrifugation was at 20,000 rpm ﬁaf 13.5 hr

(Beckman SW 27.1 rotor). 4‘ .

. f
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'!fffggépf 5#14'4159} and L.CL) on the Sedimentation Behavior of

$3S Particles

.
.

O
When the KC1 concentratian in homogenates of cells which had been

pulse labeled and incubated in the presence of cordycepin as outlined

_4in the pregéding section was increased from 100 mM to 150 mM or higher

gfior to the Leparation of th# Phs fraction, the sedimentation profile
obtaingd vith:that fraction was found to be altered. This finding is
11lustrated ln l?g..IZ. The data suggesdt that when fﬁe '65 fraction is
sedimented from_;olutionl con aining,a KCl: concentration of 150 mM or
higher, some of the 53S partigles are converted to a more rapidly sed-
imenting‘lpecies, the fractio# so converted being dependent on the.KCI
conéentration. A similar chi‘t in sedimentation behavior was observed
with 535 particles that had: ‘ .centrifuged to equilibrium in a CsCl
gradient (see Fig, 7). WID; -¥ch particles were recovered from the
CsCl gradient, dialyzed extensively against TBS and re-examined in

a 15-45% sucrose dgpsi;y gradient, they‘were found to baﬁd in a vosition
very close to that o;cupied by marker R17 (78%) virions (Fig. 13). The
aedimentatio; cOefficient,of these new partici;s was estimated to be
75S. |

’

‘ Determination of the Molecular Weights of the 14S, 53S and 75S

» ]

. ‘Particles . . .

The data obtained from pulse-chase dxp;rinents, and {llustrated
in Figs. 8 and 10, sugg;oted not only that Fhe 53S particles is an
interhediat; in the assembly of Memgo virions, but that the 14S particle
is the immediate ptecggsor of the 538 pariicle. It became important

then, to establish the stoichiometric relationship between the two

particles, - {.e. to determine the number of 14S particles required to
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Figure 12. Effect of KCl concentration on the sedimentation behavior

of 535 particles.
in the legend to Mx. 11 except the homogenate was divided into three
aliquots in which the KCl eoncentration was adjusted to 100, 150 and
200 mM respectively before the P,5 fractions were isolated.

The protocol followed was similar to that discribed
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Figure 13, B?fect of CsCl on the sedimentation behavior of 53S particles.
l4c-amino acid-labeled 53S particles recovered from a CsCl gradient com-
parable fo thet {llustrated in Fig. 7 were dialyzed for 48 hr against
TBS at 4°C apnd then re-examined in a 16 ml 15-45% sucrose density '
gradient. Centrifugation wés for 13.S5 hr ‘at 20,000 rpm (Beckman = -

27.1 rotor). 3H-uridinéylabeled R17 pha!z (78S) was also present’

in the same gradient as a magker. (O) 1°C counts per minute; (@)

3!{ counts per minute, The position of.: pirciclo‘. (before CsCl

treatment) in a parallel gradient 1s alihgndicated. <
‘ ’ 5 e, - .
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form a 53S particle. The conversion of 53S particles to particles

-~
hlv’iqg a sedimentation cufficient of 755, by ‘ding in CsCl or ex-
,po;ﬁre to elevated concentrations of KCl buring the isolation procedure,
could be due either to some sort of aggregafion phenomenon or to a
marked cdnformatioqgl change from what would be a highly asymmetric
53S particlg to a more compact 75F% particle. Since answers to both

questions appeared ‘;@‘ tmportant with respect to gaining some under-
& .

atanding.of the mechanism of virion assembly, and since hoth questions

+ -
K

.‘~could be answered only by determining the molecular weights®of all three
papticles, attempts to do so were undertaken.

It has been sthn by Siegel and Monty (1966) that the elution
position of a macromolecule sub1ected:co exclusion chromatography
through a column of Sephadex (-200) is a function of its Stokes radius,
and that the Stokes radius of a mgcromolecule can be determined by
heasuring its elution behavior from a column calihrated with macro-
molecules of known Stokes radii. If both the sedimentation coefficient
and the partial specific volume of the macromolecule are also known, an
accurate determination‘éf its molecular weight can be made by means of
Eqﬁ;tion 3 (see Materials and Methods).

Considering thesize of the subviral particles involved, a
.Sepharose 4B column was employed. Such a column was calibrated
with the following markers of known Stokes radii (in brackets):
qgﬁgo virion (145 R), R17 bacteriophage (139 R), fibrinogen (107 K)
and the 13.4S suﬁunit derived from Mengo virus (76 R). The
elution positions of these markers, as well as the elution patterns

¢

obtained with the 14S, 53S, and 75S particles, are illustrated

-in Fig. 14. The void volume (Vo) and the total bed volume
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Cel exclusion chromatography of 148§, 53S and 75S particles.
Samples (0.8 ml) containing 4 OD2gn units of calf thymus DNA (for
determination of void volume, Vo)» agtroximaccly 10,000 cpm of l4c- .
thymidine (for determination of the Bed volume of the gel, V¢), and

IH-amino acid-labeled 14S, 53S or 75S peak fractions from sucrose

density gradients were applied to a 80cm x lcm column of Sepharose 4B .
equilibrated with TBS at 4°C. The components of the mixture were S
then eluted from the column and the elution profiles were determined ‘Q’,q
as outlined under Materials and Methods. The arrows indicate the A8,
elution positions of markers of known Stokes radii: a = Mengo virion; Wy
b = R17 bacteriophage; c = fibrinogen;

and d = Mengo 13.4S subunit. ]
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(vt) of the column are indicated by the elution poaif&onl ;f calf
thngl DNA and [lbcl thymidine respectively. The calibration curve

of the corn, obtlined.by plotting (-log Kav)l/2 vs Stokes radii of
the markers, is shown in Fig. 1S5. Having determined the Kav values for
the 148, 53S and<75S particles from their elution positions from the
calibrated column, the Stokes radii of all three particles were read
from the calibration curve. Knowing the Stokes radii, sedimentation
coefficients and part#il specific volumes, the molecular>veights of

the particles were calculated from equation 3. The results are shown
in Table 3. They suggest strongly that the 53S particle is com;osed

of five of the 14S subunits [i.e. that it may be represented by (cuy)isl,

and that the 75S particle is a dimer of the 53§ particle.

Discussion

The results presented herein show clearly that two subviral partic-
les can be isolated from Mengo virus-infected cells: a 14§ particle
which corresponds to the 14S particle found in cells infected with polio-
virus (Phillips et al., 1968), EMC virus (McGregor et al., 1975), and a
human rhinovirus (McGregor and Rueckert, 1977) and a 538 particle which
has not been described previously. Both particles contain equimolar
amsunts of the polypeptides ¢, a and Y, which correspond precisely to
the composition of the previously described 14S particles and to that
of the 73S poliovirus empty capsids (Maizel et al., 1967; Jacobson
and Baltimore, 1968 ; Phillips and Fennell, 1973) and of the 125S pro-
virion described by Fernandez-Tomas and Baltimore (1973).

In considering the morphogenesis of picornaviruses as a group, the

one common denominator is the 14S particle, vhich, 1t seems clear,
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Figure 15. Stokes radii of 14S, 53S and 75S particles as determined
from their elution positions [in terms of (-log nv)k] on a Sepharose
4B column. The Stokes radif of the markers were determined as out-
lined in the Materials and Methods section,

62



V-4

TABLE 3

A 7

Molecular Weights of 14S, 53S and 75S Particlaes

e,

- Stokes radius® Moleculat wni;htb
[ ]
(A) " (mob)
148 < | 78 ) 0.46
538 100 2,23
758 141 4.45
Average of three separate determinations. The range of yalues
for the }AS, 53S and 75S particles were 771-79‘, 99X-102A and
1394-143A respectively. :
3
b

Calculated from equation 3, us'itig the value (0.73 ml/gm) for
partial specific voluma determined by Mak et al. (1971).
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occupies an oarly position in the assembly pathway of the emtero-, car-

dio~, and rhinoviruses (McGregor and Rueckert, 1977). The precise role *\
of the 738 empty capsids in the poliovirue system is ;o-.vh.t less ]
secure. Jacobson and Baltimore (1968®) found that 738 capsids accumulate
in infected cells in the presence of 3 mM guanidine hydrochloride, and
since the ladeled procotnrvuo found to ba chaséd into mature virioas
upon removal of the guanidino. they concludod that the 738 particle 1is
a precursor in the assembly process. However, Ghendon et al. (1972)
reported that 14S rather than 73S particles accumulate in poliovirus-in-
fected Mi0 cells (from rhesus monkey tonsils) in the presence of guan-
idine, and that when the guaniq£no is removed, the accumulated 14S
material is chased into virion; without the appearance of 73S capsids.
These experiments, coupled with the faét that there 1is no conplctely coqf
vincing evidence that empty capsids are produced in cardiovirus systess,
has led to the suggestion that the 73S pnrt;clen may not be inter- -
mediates in the assembly process (for a review, see Casjens and King,
1975). '
The results of the pulse-chase exferinentl described here suggest

that the 535 particle may be a true intermediate in the assembly path-
.vty of Mengo virus. Following a bricf labeling period, labcl.can be
detected in S3S‘partic1en before it appears in -ature virions, and dur-
ing a subu'“ “’, label flows from both 14 and 53S particles into
the virionl.‘ l‘%ltc of those experiments in which viral RNA syn-
thesis was blocked by cordycepin during the chase period are even wore
suggestive. The observations that 53S particles acéunulate under these

conditions and that the label chases into virions when the inhibition

of RNA synthesis is reversed are very similar to those made by Jacobson



P .

R

¥ | .

: ¥
> .

'«--nr : .

La Belttmore (13683) vith a—a«u-mmba plmm-tw oflle
s to suggest t’m the 538 nnulo'u tndesd a precurser of

the maturs Menge viriom., _ T '

’ " » ¢

The data obtained fn-oulu-chuo m- elso m shat .

the 14§ structure is the imsediste precurser of the 538 mtteh. , . -

view n‘b-mem.a by e ebservation that 336 persieles eun o dio-
uﬁlcd into 148 ptmtutu by prolmcd {acubation at room temper-
atwo In this respect the 538 psrticle resembles the 738 portich
found in the poliovirus system, eince the latter has sleo bna showa to
be an aggregate of 14S particles (Phillips, 1"69 and 1971). Rowever,

it is clesr, nrticdcﬂy lro-"‘?hc -oloculu veight déta lfnmtod here,
that the 538 and 73% p.rtichq lu ‘obt mlo.ouo uructuru.

The fiudhg that the S3s rpittt;’lu deberibed horo can be comverted,
prumnbly by unrirtion, ‘to 758 ptciela is not unique to the Mengo
system. . A oMllt obuﬂdbﬁ was meade by Su and lelOl’ (19\76).
reported that tss"auichl. isolated in buffer cbnuining 10 mM NaCl
from bowpe entmvim 1 w‘“f.cgod‘ cclll. can b.\convortod to 808
particles by uglj__io a'gnuu bnflor o..m-. 1so Wi NaCl. The
538 + 758 coav-nton q”gnu ‘that ﬂu lotui' particle may bo mlom

mo 738 particln fﬁpund in the poliovirus system. At thc same ti..o.
the estimated nlocti&l vouﬁt of tbo 758 pcrticlo Uicatu that it
may be an inco-pletc»v_‘tnl capeid _(cor'reoponding to (a,8,v,8) 50 98
oppqud to (0,8.7.3)60‘1’0: a cemplete capsid], dd this in turn casts
some doubt on thc" assugpt ion ’thnt the 73S poliovirus particle is, in
fact, a co;plctc empty capsid. It is revealing that the literature
contains no Teports of any urioul attempts to determine the precise

molecular weight of the 73§ ptrticlc. .

The ‘validity of the conclusions regarding the composition of the



‘

53S ’nd 75S particles, and of the proposed model for the h.oenﬁly of

* the Mengo virion (see following sectiom), depends on the validity of -

]

the technique of exclusion chromatogriphy on Sepharose 4B as & method
for thc‘deterninntion of Stokes radii gqnd hence for the calculation of
molecular weights). Confidence in the method has been engendered by
the rtfrodu;ib}liti of the results obtaﬂneq from three separdte esti-
mations (£3-42), the fact that th; plot of (-log Kav)ll2 vs Stokes
n{tu for the marker particles i- str’ictiy 1inear, and 'thc vcry' close
agreement between the wolecular weight (4.6 x 105) of the 14S particle
estimated by this wethod and the value of 4.72 x 10° calculated from ’
its cqppqsition. (:JV)SI(HcGregor et al., 1975), and the molecular
veigﬁto‘of the individual polypeptiéeq (Ziola and Scraba, 1474).
| A praposed scheme for the assembly of Mengo virions, baaedldn the
dats pre-gnted in this chapter, it’shown in Fig. 16A. It envistons
that five 14S structure units aggregate.to form 53S particles, which in
furn a;-erize to form 758 particles (incomplete capsid;5. After insertion
of the viral RNA into the 755 structure, the virion is completed by‘
the addition of two more 148 structure units and the final, morphogenic
cleavage of most of the ¢ polypeptides. |

7 Thgfe is some evidence, albeit cifcun.tantial, that there may be
something unique about two-of the 14S structure units that éompriae
the capsids of.picotnavirdscu. Dunker nn% Rueckert (1971) reported
that two of the pentameric subunits produced by the pH dissociation
of ME virus are distinguished from the other ten by their in.élubility

-~

1in the dissociation buffer and the pre;encc therein of. 'an uncleaved

! P

‘¢ polypeptide. McGregor n;z:luocqut (1977) -found that rhinovirus

v
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Figure 16. Proposed alternate pathways of Mengo virus morphogenesis.
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1A contains apptoxinatoly ten ¢ polypcpttdo; per virion, the number
that uoul/d. be// prcnnt,in two 14S structure units. In the light of the
assembly stheme proposed here, it is tempting to speculate that the
uncleaved ¢ residues found in a mmber of piéot:mviru-u arise from
the two 14S structure units that complate ‘the .;‘tiacnpcidation of the
virel genome. :

w;.n ob‘ﬁus criticism of the assembly scheme shown in Pig. 16A 1s
, that vhile stable 75S p.ar.t*,lu ¢.:nn be fomd.rudily in pitro fx:ou.
53S particles, they have nqt been detected in extracts of infected N
cells as prepared in these investigations. One can rv‘a_tionalize the fail~-
ure to find 758 pa.rticlu on the grounds that the a'ssmly of virions
is-a hiéhly concerted process, and that, as a result, the short-lived
75S specie® may not accymulate to levels that make f'ts detection poss-
ible. Be that as it may, the 728 pcr.ticle"déocribod here ({.e. an
1n'comp1ete viral capsid) is a more credible puti'tive 1ntem’iate in
the assembly process than 1s a complete empty capsid (the 73S patgicie of
the poliovirus system). Certainly it 18 easier to envisiori how & viral
genome 'S,ould be packaged (inserted) into an incomplete capsid than into

\

a complete one.
®

An alter#itive assembly scheme - also compatible with the experi-

mental evidence and shown in Fig. 16B - is one in which the 75S particle ’

-

1s not formed, but in which two 535S particles interact with a molecule

‘of viral RNA to form an intermediate described by RMA [{eay) The

5]10'
insertion of two additional 148 pgi’rticlcn and the cleavagé of ¢ residues
to 8 and & polypeptides would then complete the assembly process.
Avni]ﬁ_l}}e evidence ﬂ;ggec‘tl"thct at least in the polioviru} system,
viral RMA rcplicatiga apd pa‘ittclc formation are coupled processes that

L 8
L - »

r .

68

(%)

v

i



69

occur in associstiom with the smooth cytoplasmic membranes (Caliguiri
_and Compans, 1973). It thus seems likely that in the Mengo virus

. . v
system, 14S precursor particles aggregate on these membranes to fou“

53S particles, which in turn interact with newly svnthesized viral %

. . ;)
RNA via one of the two pa.thuayt shown in Pig. 16. The observation
that the release of 53S particles and of newly assembled virions (but
_ nc;g of 14S particles) into szo fraction is strongly dependent on the

KCc1 conf:entrntion of the buffer in which the u;anipulxtiono are carried

out is comp_atible with this hypothesis.
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Current genetic studies with nJiul viruses are based in large
measure on the use of temperature ‘sensitive (ts) mutants, amd condition-
al lethal mutants of this class have been used for genetic a'nd bio~
chemical i{nvestigations of re_preunﬁativc members ofla number of

groups of mammalian viruses (see foﬁ example, Fields and Joklik, 1969;

.Toyoshima and Vogt, 1969; Hgfidw;y et al., 1970; Portnervc.l..'

$
avirus group, ts 8 have bgen used for the genetic analysis of

1974: Ghendon et ]ii, 1975;° StrauJQ et al., 1976), W:thin the nicorn-

.o“

poliovirus (Cooper, 1969) and foot Qnd ﬁtb disease (FMD) virus (Lake
et al., 1975; McCahon et al., 197'[), and tl&s‘ of €he 1oolationcand
partial characterization of ts mutants of»’mbers of the card virus

subgroup bave come from this (Downer et aZ.,1976) and Othﬁ' (Bondvlnd

" Swim, 1975; Radloff, 1978) laboratories.

One of the main objectives of studies vith ts mutants is to define
the functions of viral gene products, particularly the tion-structurall

polypeptides, which, for the cardioviruses, have been identified and

designated G, H, F, T and E. Although there 1is tantial evidence

that polypeptide E may be the viral icoded component of the virus-specific
RNA replicase (Rosenberg et al., 1972; Traudb et al., 1976), the bio-

logical roles of the others remain unknown. °

Of the 18 ts mutants of Mengo virus isolated in this laboratory,

11 and 7 have been shown to be EMA and m" respectively, and 5 have

LA
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| .
been found to have significantly lower thermal stabilities than the
wild-type virus, suggesting that they have a ts defect in one or
more of the structural polypeptides. Two of this group of 5 ‘!; RNA~
mutants, vhich suggests that they may be dMlo‘ mutants. o

One such wmutant, ts 135, chosen for its higﬁ 33°/39° plaque ratio
and 1ts ability to grow to hi&ﬁ titer at the permissive temperaturs,
has been studied in some detail, the obj.ctilyu being to dctuﬁu
1) whether its RNA™ phenotype reflects a t_' lesion in the viral RNA
replicase or a defect in the synthesis of'the viral coded eo-poneni
thereof, and 2) whether its low thermal ptt‘i'ﬁility' (half life
70 min, q%_'conpated to 690 min f? the wt viru‘s) can be acc;aun
by a dc.tectab'le defect 1n'~Q’ne or nwore of, its s;:_r\;c,t}xralvpo]‘.yp?i)

or their precursors. The data p'tcsente;l in ter show that the

" viral RNA r.eplicase produced in cells infe ant ts 135 1is

¢ of pregcursors of
. : .

the dtruct\ﬁolypéptidel of ;ho virion i{s partially blocked at the

temperature sensiti\‘:e, and that the _r;or-al' c

non-permissive temperature. ‘

’
-

ostable) mutant, ts 520, was also studied. The reztl' o2 that

#lthough this mutant, 1ike ts 135, is tmrltu.re y ve with respeét
& .

to RNA replication, the cleavage of its structural polypeptide pre-

For purposes of comparison, another RRA~ (but tdlt* therm-
)

cursors is normal at the ﬁon-pcr-icsivc temperature. .
. m, -.‘ w . .

Other studies of the two ts mitants have also provided supporting
evidence fot‘, the proposal that the 538 particle described in Chapter III

is a normal intermediate in the assembly of Mengo virions.
. w-
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terials and Mathods

.

Virus RN ’

4

The wild-type virue used was the plaque varisnt of Mengo virus ~ |

* . : H
-

ddiimud M-Mengo (Ellem and Coltar. 1961). The 1.01.’;10:: of the - h
mutants, ts 198 md‘%ﬂd;‘ fro- a it‘gcniud {nitrous acid) stock
of M—chgo. nd thtit partill chlrccteriution have been ducribod

¢

provm.lv (Downer et al., 1!76) :

Infection o_f%pgg!erl and Labeling of Viral Ribonucleates

»

and Polypeptﬂig

. R e ) .
‘ * Cells grown in petri dichu (60‘:"19 mn) were infected at either

33' (per-iuive tenpetatuto) or 39° (non-permissive tempera:ure) at
an utiuted multiplicity of 100 PFU/cell vith either wt o%go
o virus. lungnded‘iwiruc diluent. After incubation fqr1l * the -ono-*)
),mr- vere washed with warm BP!-SX HS and then incubated at 33° gr
39° in the same medium. _ Y : ’
To deteninc growth curves. “ to follow the ayntheci. of viral
ibonucleatea in tonwrature-shift experiments, the nediun on replicate )
monolayers was replaced at 2 hr post-infection with BM!f-i! HS containing
t [3!!] uridine (10 uCi/ml) and actinomycin D (3 ug/ml). TCultures were
harvested at intervals and the cells disrupted by sonic vibration. c
Virus production was determined by plaque assay at 33° and viral RNA
synthesis was monitored by 'applying aliquots of the c,}l ly.utel onto
filter paper disks (Whatman Wo. 3, 2.3 cm diameter) vhich were air-
dried, washed sequentially with 10% PGA, 5% TCA, ethanol and acetome
before being plaéed in scintillation fillc. Radiocactivity was measured
in the presence of 10 ml of Aquasol ‘ci,ntilhtion fluid (New England

L4

s %87, Corp.) ima Beckman liquid gcintillation spectrometer \g

¢ ) b : -
. b



(wodel L$-230).
. . e .
Viral pdlypcptidu were labeled by incubating 1nfoctod cells for .

15 min in amino-acid deficient Eagle's tedium éontaining 1% HS and

lsl}] smino acids (50 uCi/ml). Labeling was done at 4.5 hr ﬁo.tinf*q;tion

wheri cells were incubated-at 39° and at 7.5 hr when cells \uwi"d 7

3. nn both ciges the c\ﬁwrn were incubated in amino acfd- -

£y

- )
v ‘m labeling vt*uond by a chase por:lod .‘ the nonolaycro - after

L. 4" e
.dr n-pval o! the radiocactive udiu- - vﬂf washed once with Dulbecco s

‘!ficicnt nedium ‘for the hour 1-061::’011 preceding the labelithriod.
)

pho‘ph‘t.-buf{q“ nﬁ:t'psx and incubasted for the desired period
o!.tihe in nnm-sz ms.’ . b
Extraction and Analysis of Viral RNA o PR ¥ oy T B

: - : >
" Infected monolayers that had been incubated with [3H] uridine yere

ocrape’d‘off:thc petri dishes and resuspended at a concentration of :

1.5 x 10° cells/nl in a buffer containing 0.1 ™ NaCl, 1 m¥ EVTA,

0.01M Tris-RCl, pH 7.4 (TNE). After the addition of SDS am; carrier

#4east tRNA to final concentrations of 17 and 2 mg/ml r'e-pectively. RNA

vas extracted by sheking for 10 min at room temperature with an equal
“* of rc'diitillcd’vhenol saturated with TNE., After low speed

cmttifﬁiption, the phenol phase was removed and the aq&ous phase was
,gxtracted tvic.ev 'ior. with phenol. RNA was precipitated by adding 2.5
” ‘~w1ml of ethanol to the aqueous phase and incubating the mixture
| , ovérnight at -20‘.; The precipitate was then dissolved in DNase buffer
‘ g (0.1 M NaCl, 1 wM !&Clz. 0.01 M Tris-HC1l, pH 7.6). to which RNase-free
DNase vas added to a comcentration of 20 ug/ml. pfter 30 min at room
temperature, the solution was made 10 mM in EDTA, extracted with TNE-

saturated phet_:ql. and the RNA vas again precipitated with e't’hnol.
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The RNA was then vacuum-dried and dissolved in 0.2 ml m sontaining

0.5% 8DS, 10X sucrose and 0.002% bromophenol blus.

Electrophoresis of viral RNA was carried out aceegding to the
priélledure of Noble et al. (1969) with minor modifications. Two p.rc:nt
polyacrylamide gels containing 0.5% agarose vere cast in 0.6 x 10em
glasg tubes ’coatcd vith dichlorodimethylsilane, and wvere pre-elog;u-(
phoresed for 1 hr at 7 Mc befor. RNA samples (50 ul) were applicd:
Electrophoresis was car \‘ at 7 mA/gel for & hr after which the v
gels were fractionated ult,; h mtmtic aliquogel fractionator
(Gilson Medical !loctronwae lrlctionp \wete incubated overnight
at 65° in.rﬁl“’bf I nioz 'cnd t}r‘radioactivity in each was measured

as described earlier,

Préparation of Crudc ’ Extracts

)

The procedure emplvyod *’l essentially the same as that described
by Baltimote .and Ftnnklin (1963), Monolayer cultures in petri dishes
(100 x 15 mm) wop?lawested 9 hr after infection at 33° and the é;lll
resuspeﬂded 1n distilled water at"a concentration of 107/n1. After
S min at O'v, the cells were disrupted in a bounce homogeniscr; and the
tonicity of tli:e homogenate was adjusted by the addition of 10x concen-
trated buffer to give final 'dbnc‘cnti'&tionl of 0.25 M sucrose, 10 mM
Tris-HCl, pH 8.0% dnd 1.5 nH'MgClz .(STM). ‘The nuclei were removed by
low speed centrifugation, aftcr- which the supernatant was centrifuged .
for 20 min at 30,000 g (16,000 rpm, JA-20 rotor, Beckman J21 centrifuge)
and the pellet obtained was resuspended in STM buffer at 1 mg of

protein per ml as determined by the method of Lowry et al. (1951).

\

|
/

S
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In vitro RNA Polymerase Assay R

]
This was carried out in a standard reaction mixture comsisting of

S0 umoles of Tris-HCl, pH 8.0, 50 umoles of KCl, 10 umoles of H;Clz.

2 ug of actinomycin D, 0.1 umole of dithiothreitol, 0.15 umole each
¢ '

of ATP, CTP a , 10 uCilof [3n] U;P. and 0.4 ml of enzyme preparation

. o 3
(0.4 mg procotn)‘m totll volume 'd§-1°'ml. Incubation was carried eut
s

* after pre-incubnting'the enzyme preparation for

LR

At various Einc. of incubation, 1N0 ul aliquots

at either 33° or

30 min at 33° or 39°.

- of the reaction mixture were placed on filter paper disks pre-treated

* with sodium pyrophosphate. The disks were then washed sequentially with

10X TCA, 5% TCA, ethanol and acetone before the radioactivity coniained

thereon was measured.

. @
Polypeptide Anaiysis of Cell Lysates

Lysates were prepared by removing th.'medium from monolayers that
had been pulse-lébeled with [3H] amina aéids, washing the monolayers
three times with cold PBS and adding 0.2 ml of "lysis mixture": 0.01 M
sod{ium phosphate buffer, pH 7.2, containing 22 SDS, 57 B-mercaptoethaﬁol,‘
and 10-3H4"cny1methylsu1fony1 fluoride (PMSF). Aliquots (100 pl) of
the lysates, to which glycerol and bromophenol blue had been added to
give final concentrations of 107 and 0.002X respectively, were hested at
100° for 5 min before being layered onto 7.52 éoly.crylamide gels.
Electrophoresis vai ;:;ricd out as described in the Materials and Methods

-

gsection of Chaiicr I111. : ) N

Preparation of Cell Extracts for in vitro Cleavage Studies

Monolayers of ts 135-infected cells were pulse labeled for 15 min
with (3H] amino acids (50 uCi/ml) at 7.5 hr postinfection, then

harvested immediately and resuspended in cold PBS at a density of

2 = 107 cells/ml. After the cells were ruptured in & Dounce homogenizer,
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the nuclei were removed by lowv speed centrifugation and a cytoplunic
extract containing labeled viral polypcptida pncurnoro was ’obniuod. Py

An unlabeled cytoplasmic extract was prepsred at the same m from ?/

Hchgo virus-infected ce .
. : 3 ‘ i
Sucrose Density Gr t_Analyses of Cell Extracts

The preparation of cytoplasmic sipernatnats (820) and the sub-

sequent analysis of virus-related plrticic. by means of sucrose gradient
centrifugation has been described in the previous ch.i)tor.

Materials and hdioiootJu

Actinomycin D va: furchucd from Schvarz/mnn. Orangeburg, New York.
ca‘r'riet tRXA from Mann Research "Labottori.el. Orangeburg, New York,
deoxyribonuw‘e I from Uorthingto:z Biochemical Coxp., Freehold, New
Jersey, 'cyclohcxi-:l.'e from Calbiochem, California, dithiotWreitol a
cordycepin from Sinn:Q\uical Company, St. Louis, Migaouri. ATP,

and G‘rP from Ravlo Chc-ic_alo Led., Edngnto'n. "Alberta, .ﬂﬂ] uridine °*
(24.2 Ct/wmole), [’R] amino acids (1.0 mCi/ml) and [’R] UTP~(37.3 ci/-
mmole) were obtained ‘fro- New England Nuclear Corp.

Results v,

A. Stodies of Mutant t& 135

Virus Production and Viral RNA Synthesis

The replication of mutant _g 135 at the permissive and non-vermissive
temperatures is illustrated 1;1 Fig. 17. Whereas the growth curve
obtained\at 33° 1is emntially identical to that obtained with the wt ’
virus at the same temperature, no ropiiutiu can be detected when ts
135-infected cells are held at 39° throughout -infoct}on. ‘Also shown

in FMig. 17 is the effect on virus replication of shifting ts 135-
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Figuss 17. Growth behavidr of mutant ts 135 at 33° and 39°. Vitus
production at 33° (@), at 39° (4), and after temperature shift-up

from 33° to 39° (O) at times indicated by arrows.
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inYected cells from 33° to 39° gt various times during the replicative
cycle. As may be seen, shifting jthe cultures from 33° to 39’ results fa
a rapid cessation of virus grpv&\ regardless of the tlu’gt wvhich the
temperature shift-up is -ulc )

!
The data obtained from a n*&lu experimsat, in which the syuthesis

.

of vira) RNA in ts 135-infected cells was monitored at 33° and 39°, and

1 “
in cultures that were shifted frpm 33° to 39° at various times post-

infection, are illustrated in ?13. 18. At 39°, [3H] uridine Mon

"does not exceed the lével obumd 1n uninfectod- cells 1ncubatod in the
presence of actinomycin D, whilé at 33°, virnl RN.A synthesis is essen-
tfally the same as that, seerr at 33° in cells infected with ‘L‘ virus ‘
at t‘\e same input -ultﬁ;lhy. oynthuis of viral RNA in te 135~
1nfected.c011l is shut off ‘rapidly when culturu are ohiftod from 33°
to 39°, and the inhibition Aopqt- to be irroversiblo. In cultures
shifted to 39° -‘-t.?‘t post~1nfe;&on and hclé at that tempepature
for 2 hr, RNA production do;a not resume when the cultures are return-
ed to the permissive temperature.

"l'o determine wvhether the synthesis of all species of virus-specific
RNA is impaired at 39°, wt- and ts 135-infected cells at mid-logarithmic
phase of virus production were either pulse-labeled with [311] uridine
(30 uCi/ml) for 30 min at 33°, or were shifted to 39° for 30 min
- bafore betng pulse-labeled. RNA was then extracted ‘and~anll'yzed
; by p}yacrvh-ido.;d electrophoresia The wm.d in
Yigh *".t;qu.- ;mw in ts 135- infected g‘ﬁ‘-/ rhe J;adn-u of au three
_‘-'of virul-cpecific RNA - nmly, repliéuivc 1nt¢f—dilti (r1),
. 1. -rcpficativi form (RF), \17> ninglc-»qtnndcd (ss) RNA - {s inhibited to

Mly the same extent after temperature shift-up from 33° to

tr “r
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Figure 18. Effect of temperature om the symthesis of te 135 uru
BiA. J-urtdine (10 uCi/ml) vas sdied bp.replicere cultures of
infected cells at 2 hr ptt}ghethn & Warieus times thergafter,

the cﬂcnt- wezs m : e lysed, snd the lvsates
wers smalyzed for scid- le udtuc

at 33°, (4) WEA synthesis at 3!',; The arresm
vhich the cultures were shifted feoa 33°-to $®/( ¢) or from % o
33° (+): (O) mia oynthuo aftér shucwp to ".
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Figure 19. ElectrophoreQis in SDS-2% polyacrylamide gels of ts 135
and wt virus-specific RNAs synthesized at 337 and 39°.
cells at 7 hr postinfection were either'pulse-labeled with (W
uridine (30 uCi/ml) for 30 min at 33°, or were shifted to 39° for
30 min before being pulse-labeled.
as described in Materials and Methods.

RNA was then extracted and analyzed

.. 80
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In we virus-inf | cells on th ethet hand, the temperature ,

‘

.uhift teoultu in sh tncqéee in tho ievel of all three species of RMA,

Stability of Virsl RNA Poly-ernuc o e .-

One. 'and porhtpl.the wost obvious, explu;ation for thQ‘RNA‘ pheno~
type of l_autaht ts 135 1s that the virus-specific RNA polymerase

(replicase) oxoduc’ed in cells infected with the mutant is rlpidl'y in-

-

activated at the non-po‘niuivc tupcuturo. ‘This prompted aw exam— - -
inat:lon of the in vive stabllity of the enzyme Replicate mdnolayers
of both wt- and ts 13?—1nfected cells w’ere set up. At 9 hr post-

infection (at 33°), cycloheximide (final comc. = 30 ug/ml) .vss;addud

to-half the Eultures in each group. ‘Half of the culturges in éa;h of
. -y

the ’4 groups (ts- and §;—infected' t cycloheximide) were the:;-sﬁi.ftgd
he d - ' *
to 39’, and at 10 min intervals thereaftet duplicate culteres from

each group were pulse-labeled for 5 min vith [3P] uridine (11 u(‘i/ml),

?After the 5 nin labeling period, cells were harvested and assayed for

< -

acid-insoluble radioactivity. The results are shmm 1n Fig. 20,

At 33‘, anrc‘lf in the absence of cycloheximide (Fig. 20A) ‘the rate '
!'
of viral RNA Zynthesis increases betv‘on 9 and 10 hr noat -infectioh
in both wt- and ts I’R-infected cells, due presmbly to the continued

synthesis of theﬁlymerase during that time, A!! 39° however (Fig._ 200),

the rate of RNA synthe‘sis increases -in wt-infected cells, vhile the T)

rate in ts 135-infected cells, ter)a small initinkﬁréase. de-
creases very rapidly. . Since cyel eximide at the concestration embloyed

causes a very rapid and virtuallly complete inhibition of protein’ ‘L/‘-

synthesis, measurgmen{:s of the rate of viral RNA synthesis in cells

1ncui>ated in the presence of cycloheximide Provide an estimate of the

s‘fability of the viral RNA polymerase syhthesi‘zed priop to the addition

»
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Figure 20. In vivo stability of ts 135 and wt viral RNA polymsraaé.
Ts 135 and wt us-infected cultures were pulse-labeled with “H-
uridine+ (30 wCi/ml) for 5 min at 10 min intervals between 9 and 10
hr postinfectipn. \ (A) cells pulse-labeled at 33°, no cycloheximide
added. (8} cells pulse-labeled at 33°, cycloheximide (30 ﬁg/n;)
added at 9 hr postinfection. (C) cells pulse-labeled aftet tempera-
ture shift-up &t 9 hr postinfection, no cycloheximide added. (D)
cells pulse-labeled after temperature shift-up and addition of cveclo-
,(:\\hexigide (30 ug/ml) at 9 hr postinfection. Cultures were harvested
immediately after the pulse, the cells were lysed, and the lvsates
" were analyzed for acid-insoluble radioactivity.
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of the drug. The dan ﬂlntutd 1ia Pig. 208 M :m. at 33‘. thc

ensyme in both wt- end e 135-tafected ;celle 10’ stobla (for ot least - -
one howr). At »° (v zoo). although both the w and -u:m enzymes
-'are inactivated, tbc ou:yn 4n tl 135-13!.0@‘ uno ic oiplﬁcmtly P

more therwolabile than s the cm-c 1n vt-m ecl‘h.

The thersal huctintion of the vtul rq»l'mF ' ean also e

duon-tnnd in vitro. Crudc cﬁzyn dﬂtnen prmnd i’m both vt-
and ts 135-infected cells at lid~1n¢r1thlic pluu of vim production

at 33° were assayed for RNA poly-erau Xctivity at 33° and 39° by

' measuring the incorporation of [3H] UTP in a qcll-fru system. As

-

1llustrated in Fig. 21, the two preparations have comparable nctiv}&y

»

 when aumd‘\a)t 33° after s pr-eincub'ation period of 30 min at 35'.

On the. othef/hand vhile preincubation at 39° for 30 min leads to
some loss iR the activity of the viral RNA polymerase from wt-infected
cells vhen aanyed at 39'. it causes an .lnolt c.onplcte 1&:1b1tiou of
the enzy‘e. from 2 135-infected cells,”vhether the assay is carried
out at e_ither‘35’ or 39°. These data are copsistent with t'hon a .
obtained from '.t;udiet of the\{nMivo. stability of the ts 135-specific
RNA polymefrase, and show no;. only that the. enzynme 1e;e1f is thermo-

*labile, but that 'the inactivation at 59' is irreversible,

Synthesis of Virus-Specific Polypeptides . : .

The synthesis of virus-specific polypeptidea in cells infected
with mutant ts Qé_!y)nveltigated by thc method of Sns-polyacrylmide
‘gel electtonhoresis. In these exoer:lment-, celfs were pulse-ldbeled Ath - - '
a mixture of [ H] anino acids at 7 S hr poct-infection, a time which
(at 33°*) corresponds to the nidrlogarithnic phase of virus praduc‘tion.

By 7.5 hr post-infectionm, cellular protein lyntheti; is almost coﬁpletely
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Figure 21. In viiro stability of ts 135 and wt viral RNA pogymerue.
The preparation of crude snzyme gxtracts from £8.135 and wt virus-
infected cells at 9 kr postinfection, and the conditions employed: for
in vitro RNA polymetage assays were as described in Materials and
Methods. - (@) assayed at 33°.after preincubating the enzyme prepara-
tion for 30 pin at 33°; (O).assayed at 39° gfter preincubating the
enzyme preparation for 30 min at 39°, (A) a*yed at 33° after pre-
incubating the enzyme prepdrafion for 30 min at 39°.
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shut on, oo the um-p.euw .oxmum ney be 1dewtified uw.‘xy.
Inutnuv‘ ol&trophomr.q are shown in ug..zz. The ypper ¥
pnel om the elumuruue ‘pattern vbtained vuh d ly:uo,o! 7%
N 135-1nfoctod eclh pm.rod Mduuly after & )5 ain labcnu pcrtod
".t 33, The pmom obtafhed vith s 17.-:. oi. e.n-. "ulu-l,»clod
St for 19 wiwiae. 397 ummh - etditional 90 pia at e
sanme tmora;urg in thc nbuncc of l.lnhd smino ﬂd- 1! ohovn in tho
‘lovor pancl. loth pattcnt -are ‘ontinlly identiul to thou obtained
-with lysates of vt virus—infected eclln prepared undcr the lnnc con-
diti;ﬂ‘{/:;d 111uotrnt¢ thc fact thlt vith Mengo (ac vith all picorn- T
avimoeo) the cqpoid nnd macapoid virul proteins are produced by . ¢ ‘
clcavage of large ptecur.or protcin‘l Polypeptideo A and B are prc-
o cursors of the structural poiypcptidcn c.B.y and §, vﬁile C and D‘are *
precursors‘of polypeptide.!»(Pauchl et al., 1974). *
When ts I35-infected cells were lﬁg}ted to 39° at 7 hr polt\\
1nfectiop and held at thnt'te-p;ra;ure for 30 min before being pulse-
labeled - or pulue-lgbgled qﬁd theg 1ncqbl€éd for an additional 90 min
at 39° - a somevhat different‘reluit vas obtained. As may be seen
from Pig. 23, the ;atlbnn'obtnined vith;n lysate prepared mnediately
after a 15 min labeling pertod at 39° (upper panel) is identical th
that obtained with a lysate preparod immediately after pulse labeling
at 33°. However, the pattern obtaincd with a lysate prepared after a
chase petiod of 90 min at 39° differs from the one shown infthe lower

. panel of Yig. 22. Firstly, substantial anounta of the structural

polypeptide precursors A ‘and B remain after a chase period of 90 min

at 39°, suggestipg tha e cleavage of these proteins is partially

blocked at this tymperature. Seconfily, although small amounts of a
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Figure 22, __Elecfrophoresil in SDS - 7.5% polyacrylamide gels of
lysates of ts 135-infected cells, pulse-labeled for 15 min with‘3H- -
amino acids (50 uCi/ml) at 7.5 hr postinfection at 33°, Upper

panel: cells vere lysed immediately after the labeling period. Lower -
panel: cells vere lysed after a chase period of 90 min.
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Figure 23. Electrophoresis in SN§-7.5% polyacrylamide gels of lysates
of ts 135-infected cells, pulse-labeled at 39° for 15 min with [3H]
amino acids (50 uCi/ml) after the cells were shifted at 7 hr post-
infection from 33° te 39° for 30 min. Upper panel: cells vere lysed
{mmediately after the labeling period. Lower panel: cells were lysed
after a chase period of 90 min at 39°.
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and v are Prodncod during & 90 min chase st 39% the lvsate contains
pot a trace of polypopti;.lu 8 and &§. The complets absence of Q end §
1s explained by the fect that the cleavage of ¢ + 8 + & takes place
during the f%naliotagcl of assembly of progeny virions. That being
the case, one would n&t expact to see that cluv‘uc at the non-permissive
tp-;craturc in cells infected with an KKA- -ﬁ;nnt. These cleavage
defects appear to bg irreversible since no additionel loss of radio-
activity from polypeptides A, B or € was dcfected in lysates of cells
which, after being pulse-labeled and .chased at 39°, were shifted back
to 33° for 60 min. | a o | ' A >

In vitro Gleavagé of Viral Polypeptide Precudsoréd

.The'cieavage defect could reflect a temperature sensitive mutation -
in either the putative virus-coded protease, believed to be tesponsible
for secondary cleavagesyof capsid polypeptide precursors, or in the '
precursor(g) itself. The latter mutation would presumably give rise
to a protein wﬁose conformation would be alfered at 39° in such a way
as to inhibit its clgavage by ;he appropriate protease. In.an attempt
to distinguish betygen these two possibilities, the ig ditro cleavage'
of precursor proteins A and B synthesized in gg_l35-ihfected cells was

. ° ™
examined,

A cytoﬁlasmic extract was prepared from ts 135-infected cells that
had beén pulse-labeled for 15 min with [3H] ;minb»acids af;Fr incubation
for 7.5 hr at 33°. Aliquots of the extract, which contained the label-
ed pfecur.or proteins and the cleavage enzyme(s),were then incubated
for 2 hr 1) at 33°, 2) at 39° and 3) at 39° in the presence of 2

volumes of an unlabeled extract prepared from wt virus-infected cells,

after which all samples were analyzea for labeled viral polypeptides
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by SDS-pelyacrylentde gil electrephoresis, The results are preseated
in Pig. 24, 4 . ‘

The lapolod pollllpttdlg of the cytogllonic extract prepared frem
ts 135-infected cells tnndu\i{ly after the pules are shown u Pig. 284,
A two hour incubation at 33 row:lt«l 19 en almost complete disappear-
‘ance of the lir;o polypeptide pricutuort A and 3 (Pig. 24B). Wowever, a
incubation of the extract at 39° did not bring about a ccnparailo re-
duction in the amounts of proteins A and § (rig; 24C). Moreover, the
addition of unlabeled extract prepared from vt virus-infected cells to
the labeled extract during 1ncub,tion £§ 39° d1d not emhance the cleavage
of the two precursors t; any significant extent (rig. 24D). These data
thus suggest thag the cleavage defect oxhgkitcd by ts 135 at 39° reflects
a temperature sensitive mutation in the structural polypeptide pre-

cursor A (and B).

Synthesis of wt Viral Polypeptides in the Presence of Cordycepin

Additional evidence that the cleavage defect exhibited by mutant
ts 135 {s the result of a second temperature sensitive mutation,
rather than a secondary effect of the inhibition of RNA synthesis at
39°, was obtained from a study of the cleavage pattern in'!g virus-
infected cells in the presence of cordycepin, an inhibitor of viral
RNA synthesis. The results are illusgrated in Pig. 25, from which it
is clear that although the cleavage of ¢ to 8 + § 1is blocked (as expected),
the cleavage of the large precursor molecules to stahle, viral gene
products occurs normally in the absence of viral RNA synthesis.

B. Studies of Mutant te& 520

Virus Production and Viral RNA éynthesio

The replication of mutant ts 520 and the synthesis of viral RNA
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Figure 24. In vitro cleavage of ts 135 viral polypeptide precursors.
A cytoplasmic extract was prepared after ts 135-infected cells, at
7.5 hr postinfection, were pulse-lapeled for 15 min with [3M] amino
acids (50 uCi/ml). The extract was then divided into four aliquots
and analyzed by SDS-7,5% polyacrylamide gel electrophoresis (A) before
incubation, (3) after 2 hr incubation at 33°, (C) after 2 hr incubation
at 39°, and (D) after 2 hr incubation at 39° in. the presence of two

- volumes of an unlabeled extract prepared from wt virus-infécted cells.
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Pigure 25. Electrophoresis in SDS-7.5% polyacrylamide gels of lysates
of wt virus-infected cells, pulse-labeled for 15 min with [3H]amino
acids (50 pCi/ml) in‘the presence of cordycepin (200 ug/ml) at 4.75 hr
postinfection at 37°. Upper panel: cells were lysed immediately after
the labeling period. Lower panel: cells were lysed after a chase
period of 90 wmin in thg{ruonco of cordycepin.
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obtatnsd st 33° with mutent gg 320 1q eseentislly féumtiesl to thed

obtatned with vt viows &t the oame WM. vheress little or we

M $4 320-tefected M nqﬂltd
from !3‘ to 39° at variows times pest-infectiem, vitus nplt‘tm is

replicstion sccurs @t 39°,

lqhtutod. dut the shut-off is et as rapid as is the case vith mutaat
ts 135. The results obtained from a study oi viral WA syntheeis {a
ts 520-fafected.cells (Fig. 27) are sseentially 1deatical to thoss

When

A

obtained fros similar studies with mutent ts 135 (ses Pig. 18).
infected cells .n‘hlhod from 33' to 39’. viral RRA oynthuh 1is
blockd u/pidly. and apparently 1ru~oniblo since {t don not reswhs
in-cells thet are rotuﬂ‘ to 33°.

Syntheeis of Vigws-Specific Polypeptides

Aa favestigation of the synthesis n.d post-translational cleavage
of virus-specific polypeptides in ts Szofiﬁfocud cells showed fhat at
33°, the patterns of synthesis and clesvage do mot differ from those ‘
observed in wt virus-infected cells (see Pig. 28 for fllustrative
electropharograms) .n'd in ts. 13S-infected cells (see Fig. 22).

vhen ts 520-imfected cells were pulse-labeled at 39° and then incubated

for an additional 90 mim et 39° in the abskpce of labeled amino acids,
6\0 results obtained, and {Ylustrated 15 rig. 29, were found to

d1ffer sigmificantly from those obtsined with mutant ts 135. Whereas
the cluvg’i‘ of precursor proteins A and B 1is pargiull; blocku'! st 39°

.

fowever,
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Figure 26. Growth behavior of mutant ts 520 at 33° and 39°. Virus
production at 33° (@), at 49° (A ), and after temperature shift-up
from 33° to %’ (Q) at times indicated by arrows.
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Figure 27. Effect of temperature on thexsynthesis of ts 520 viral
RNA. 3H-uridine (10 uCi/ml) was added to replicate cultures of
infected cells at 2 hr postinfection. At various times thereafter,
the cultures were harvested, the cells were'lysed, and the lysates
were analyzed for acid-insoluble radiocactivity. (@) RNA synthesis
at 33°, (QO) RNA synthesis at 39° The arrows indicate the times
at which the cultures were shifted from 33° to 39° (4) or from

39° to 33° (4).
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Figure 28. Electrophoresis in SNS-7.5% polyacrylamide gels of

gasates of ts 520-infected cells, pulse-labeled for 15 min with
-amino acids (50 uCi/ml) at 7.5 hr postinfection at 33°.

Upper panel: cells were lysed immediately after the labeling -

~ period. Lower panel: cells were lysed after a chase period of

90 min.
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Figure 29. Electrophoresis in SDS-7.5% polyacrylamide gels of
lysates of ts 520-infected cells, pulse-labeled at 39° for

15 min with [3H] amino acids (50 uCi/ml) after the cells were
shifted at 7 hr postinfection from 33* to 39° for 30 min. Upper
panel: cells were lysed immediately after the labeling period.
Lower panel: cells were lysed after a chase period of 90 min at 39°.
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#in té 135-infected ceuo. the radiolabel that 'ie iﬁégrporeted'into

‘.

these "proteins when L $20~-infected cene .are mlu-lebeled at’ 39° is

cheeed completely into enaller}vi 1 polypeptidee durin; a eubeequent

cheoe ﬁeriod et<39'. As would be/ expected for an RNA™ mutant, poly-/

peptide ¢ was foumd to eecunulate.in ts 520-infected cells after a

pulse-chase at 39°

C. Effect of Temperature on thc:horphqggpesis'of ts 135 Tendh

ts 520 - L« |

) 1n Chepter III it was shown that 53S particles eccenulate in wt
virus-infected cells in the preeence of cordycepin. Since RNA
eyntﬂesis in: both ts 135 and ts 520-infected cells is blocked at 39°,

. 41t was of interest to determine whether a similar eccunulation of these
subviral particlee occurs when these cells are shifted from 33° to
39°,

Monolayer cultures of L cells, infected at 33° with .the two mutants
and with wt virus, were either 1) pulpe-labeled for 15 min with IBH]
amino acids at 7.5 hr post-— infection, and then incubated for an addition-
al 90 min at 33° in medium free of labeled amino acids, or 2) shifted
to 39° at 7 hr post-infection, pulse-labeled for 15 min at ?.5 hr
post- infection, and chased for an additional 90 min at 39°. Cyto-
pimsmic supernatants (S20 fractions) were then prepeted from a11
cultures and analyzed by sucrose density gradient centrifugation. The
results are pré?ented iﬁ Fig. 30.

The sedimeptation profiles obtained with 820 fractions prepared- -
from ts 195;, 55_520- and gg_virus-infected monolayers after a pulse
and chase at 33%* were found to be strikingl; gsimilar. All have a

prominent virion peak (150S), and, as would be expected after a 90 min
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Sedimentation analysis of S2q fractions prepared from
ts 135-, ts 520-, and gs_viru:-infected cells, Centrifugation

Prough 15-45% sucrose gradients was for 13.5 hr at 20,000 rpm
(O) Spq fractions were prepared after

(Beckman SW 27.1 rotor). 2
the cells were pulse-labeled for 15 min with [3H] amino acids

(50 uCi/ml) at 7.5 hr postinfection and then chased for an
additional 90 min at 33°. (@) Syqo fractions wvere prepared after
the cells were shifted to 39° at ; hr postinfection, pulse-labeled
for 15 min at 7.5 hr postinfection, and chased for an additional

90 min at 39°.

Figure 30.



chase, only s snall pesk of 538 particles. ﬁhen the pulse and ch;ee.

p . e &
were carried out at 39°, the sedimentation profile obtained with the

820 frection from !g_virul-lnfeEted ells yas essentially the same
. . . . : * .

. a8 thet:obteined when the nenipuletie wvere carried out' at 33°, where-

as'in the case of ts 135-infected cells, eo radiolabel was found iqgﬁi

either the virion or 538 pesk. ‘With the S, fraction from ts 520-

20
K;
1nfected cells, the anount of redionct!zﬁty in the virion peek vas

found to be eherply reduced reletive to the emount preeent eftet a

. »
pulee:chase at 33°, end_e e!gu!ficant eccunuletion»of S3S particles
was observed. Tt is 1ntereet1ng'io.not§ that these data confirm the
4conc1ueion dravn from earlier etudiee of the replication of mutants
ts 135 and ?20 (see Figs. 17 and 26), - namely that wvhen infected

cultures are shifted from 33° to 39°, the preduction of progeny virions

*ﬁ(}hut off more rapidly with mutant ts 135 than with mutant ts 520.

Discussion
Data qbtained frJl the experiments described here sug-
gest strongly that mutant ts 135 is a double mutant. When ts 135-infected

cells are eh?fted from the permissive (33°) to the non-permissive

o

(39*) tggpcfature. the two temperature-gensitive defects are mani-
-

ed by 1) a rapid and efficient shut-off of viral RNA synthesis,
and 2) a partial block in the cleavage of structural polypeptide
precurgors A and B.

The RNA~ phenotypidof mutant ts 135 could reflect either the
inactivation of‘the virus-specific RNA polymerase at the non-permissive

—
temperature, as is the case with some mutants of vesicular stomatitis

virus (%zil‘gyi and Pringle, 1972), or a block in the synthesis of

Gt
4’-'!
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tbe enzyme, has been reparted for a mutant of foot-and-mouth

disease vielis (Manor ct'al.; 1974). The results qf the axperiments in

wvhich/fhe in vivo and in vitro stability of the ts 135-specific

RNA pol;::::;e were‘%tudied provide strong evidence that the enzyme
is inactivited more rapidly at 39° than is the gsf.nzylc‘(lﬁe;rigl. 20
and 21). However, the dintihction between the two altergatives cited
above may not be vo:y'clcat in the case of picofnaviruses. The
weight of eviaence suggests that, with these viruses, the vir:::-
specific RNA polymerase is a complex of one virus-coded poiypeptide.
and several, as yep unidentif%ed, cellular polypeptides. If this
is so, a tempefature—sensi}ive defect in the vitus—coded component
(believed to be polypeptidevia could result not only in the inact-
{vation at 39° of preformed enzyme, but 1; the inhibition of assembly
of the enzyme coﬁglex at the non-permissive temperature.

ﬁhy viral RNA synthesis does not reédme when cells'infected with

either of the RNA™ ts mutants are returned to 33° after being held at

39° for 2 hr is not clear from the data presented here. The failyre

. to do so could reflect either the degradation of viral RNA during the

2 hr incubation at 39°, or the immobilization of viral RNA templates

by binding to viral RNA polymerase moiecules that have been irreversibly

inactivated at the non—permissé'k temperature.

The second temperature sensitive defect exhibited by mutant ts
135, namely the patti#l block in the cleavage of structural poly-
peptide predursors A and B at 39°, could refléct either i) a mutation
1n'the putitive virus-coded protease believed to be responsible for the
post-translational processing of polypeptide A, or 2) a mutation in

the precursor itsglf, which - presumably by causing a conformational

1nn
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. change in the precursor molecule - makes the precursor at least \
p;ttinlly refractory to cleavage by the appropriate enzync(n.) nt'
39°. ‘ e

Although the first of these possibilities cannot be ruled out
entirely, the second is the far more likely in the light of the
experimental evidence. First, the addition of a cytoplasmic extract
prepared from wt virus-infected cillc, wvhich preombly contains a
normal cleavage enzyme, does not enhance the in vitro cleavage of

_ 51'135—spec1f1c polypeptide‘ A And B (see Fig. 24). Second; the
low thermal stability of mutant ts 135 is compatible with the propo-
gition that it contains one or more alteﬁﬁd structural polypepti&es.
The possibility that the cleavage defect exhibited by mutant ts 135
may be simply a secondary effect of the inh?bition of RNA svnthesis
at the non—pe;missive temperatire, seems to be ruled out by the
observations that post-translational cleavages proceed normally in
gg_virus—infeqted cells in the presence of cordycepin, and in ts 520-
infected cells at 39°. The observation that fhe cleavage of ¢ to B + §
is seen neither in cells infected with either of the two RNA ts
muta;ts at 39°, nor in gs_virus~infected cells in the presence of
cordvcepin, is consistent with the belief that this cleavage occurs
oyly when the viral genome is packaged during the final stages of
virion assembly.

The results of analyges of 520 fractions, prepared from mutant
and wt virus infected cells after pulse-labeling and chasing at both
the permissive and non-permissive temperatures are revealing. The
observation that 53S particles accumulate in ts 520-infected cells

when the latter are pulse-labeled and chased at 39°, 1s strikingly



7\

: ..

-imilnr to that made with wt virus—infoctcd collq in which RNA
synthesis is blocked by cordyccpin (see Chaptor 111), and provides
strong support for the hypothesis that“hc 538 particlc is an inter-
mediate in the assembly of Mengo virions. The obsc*vation that,. no
radioactivity is found either in progeny virions or in 53S-part1clei
when ts 135-infected ;ells are pulse-labeled and chased at 39° is
consistent with the cvideéce that this mutant contains defective .

structural polypeptides (and precursors thereof), and suggests that

this lesion not only accounts for its low thermal stability, but

. AY
prevents its normal assembly at the non-permissive temperature.
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CMAYYTER V

PPOSPECTS FOR FUTIRE RESEARCH :

2

Morphogenesis of the Mengo Virion

Tﬁg detection and characterization of a 538 particle in Mengo
viru-;;qucted cells, and the observation that this particle can be
converted in vitro to one having a sedimentation coofficient of 758,
have provided the basis for a proposed scheme for the assembly of
Mengo virions. The validity Pf the scheme, which differs significant-
ly from those proposed earlier for poliovirus and for other members
of the cardiavirus subgroup, depends in large measure on the accurl;y
of the estimated molecular weights of the $3S and 75S particles.

These were calculated from sedime;tation coefficients and from Stokes
radii as determined by exclusion chromatography on Seph;roue 4B,
Although ;here seems to be no reason to doubt the validity of this
method, it would be highly desirable to determine the molecular

weights of both particles by a second, independent method, - the most
obvious one being that of equilibrium sedimentation using the analytical
ultracentrifuge. . ¢

In order to estimate molecular weights from analytical ultra-
centrifuge measurements, it would be necessary to obtain suspensions
of hfkhly vpurified particles contaifiing of the order of 0.1 to 1 mg
protein/ml. As isolated by sucrose demnsity gradient centrifugation
of either SZO.or P‘.5 fractiodh, the 53S particles are heavily contamin-
ated with ribosomes and/or ribos(ﬁ:i subunits. They can be separatedv

from these contaminants bv 1sopycﬁic centrifugation in a CsCl density

gradient, but are converted to 75S particles in the process. However,
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it should N motblh to purify tha rather unstebdle 538 nnleln 1 4
either 1) treating the 538 !uccm wvith rtmluu(o) under . con- ’
trolled conditions to do.ndo ribosomal structures followed by &
second sucrose density gradiest contrifultioa. or 2) a!uutty- chroa-
atognphy using antidbodies agsinst the emu polymeu« of the Meago
vtrm as ‘thc ligand. Whichever approuh turned out to be the most
fnnibl.. a serious logiutcal problem mld remain {n that a lerge
number of cells (upwards of m ) would Mn_to bs processed to
provide sufficient puritiod particles for analytical -:ntucontrﬂun
studies. Flectron microscopic examination of purified particles
could be revealing in that it would provide useful 1nfor-néion regard-
ing thc size and shape of th. particles. ]

If satisfactory methods for the purification of 53S and 758
particlcn could be developed, an intriguing project (albeit one
with a low probability of success) would be to attempt to achieve the
in vitro assembly of Hengd‘viriono from viral RNA + either 538 or
758 particles + 14% patticles. To give one's imagination free reign,.
one could conceive of such studies distinguishing betveen assembly
schemes A and B (Fig. 16), i1f, for example, assenbly vere obtained
with one or the other, but nof both, of the 53S and 755 particles.
Were in vitro assembly achieved, it would be possible to carry out
the reaction with 3H-labe1ed 53S and l‘cillbe1e§>lks particles, and,
from analyses of the csmpl;ted virions, to determiﬁé the molar ratio
of the two par;icles in the viriona and to ascertain whether the
uncleaved ¢ ;hainc.are derived fr;m one or the other, or both, of
éhese lubvirai particles.

To return to more realistic projections, it would clearly be qf
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interest to extend the studies descrided here te other membere of the
cardiovirue Mgm of plcornaviruses, as well as to -od.on of other
subgroups of this family. It would be of particular intervest te .‘
deternine precisely the moleculsr weight gf the 738 particle foumd
in poliovtm--infoctod cells, to see if tt’n in fact_ correspond-
ta & complete. empty capeid ((vro;‘_l.S)“] as has been aseumed, or vhether
it {s equivalent to :h.jss particle “;“ﬂso], described h&oh.

It would also be of interest to examine the early stages of the
morphogenesis of Mengo virus with the objective of 1d§nt1!y1n;.thc
{immediate precursor of the 148 particle, - the one common doﬁmimmr
in the unselbf; pathway of all picornaviruses. Is that precursor AS' as
has ¥een proposed for FMC and rhino viruses, or is it a 5S particle, .
(cay), which would correspond to the 58, (VPO,1,3), particle believed

.to be the precursor of.tho 1&5 particle 15 the pdliovirua system?

Studies of Temperature-Sensitive Mutants 6f Mengo Virus

The ts mutants of Mengo virus 1.71ated in this laboratory were
isolated in the fir.t instance in thg¢ hope that by defining the precise
biochemical lesion associated:with efich, some insight might be gained
regarding the biologjcal functions of the non-structural viral poly-
peptides. Viewed with this objectiye in mind, the studies of the two
RNA"E!.nutantl described in this t‘elil have not been fruitful. How-
ever, they do help to indicate the girection of future studies,

It would be a logical point of dcpartnrc to carry out a careful

study of the synthesis of viral pocific polypeptides in cells infected .

with a large number of the available 32_-utants, using the technique
of SDS-PAGE. Of particular }Qtercut would be an examination of the

fate of proteins tynthcoiz’é during a8 brief libelin; period (at either

/
/
/
2/
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93° or 39°) during & subsequent chase at 39°, mm-—mu

* mslecular veights of a1l virus-Specific polypeptides synthostsed ia \
Mengo-infected cells, as n}_l ao the pattera of post-tragglatiensl ‘
clesvages by vhich the steble, viral geme products sre fermed, it weuld
be nhttniy esasy to dctnt 'uy dwutbn‘o from the JSormal pisture, .
Since the techaique of m‘ unlm proteins selely ea-the basis
of oiu. it 18 1ikely that with nny utmto. "o otntﬂc‘a: e.hu.u >
in the normsl pattern vould be seen. HNowvever, any iaterferemce N
@t 39°) with the nirmal pattern of cleavage - vhich could result from
either a ts mutation in the hypotfucical ‘viral-specified protease, or
from an amino. acfd replacement at a critical position i{n a precursor
polypeptide - should be readily do;oc\tablo. .

These studies would mot, of course, be particularly helpful in
identifying the viral polypeptide that carried the ts mutation, -
especially in those cases vhere the cleavase pattoﬂ.: vas normal,
However, it could l?u profitll;lo to couplo. these studies with -tu_dtn
of the virus-speeific polypeptides in ts wutant-infected cells using
the two disensional electrophoresis system developed by O'Farrell
(1975). This cyltn separates proteins by‘ 1soelectric focusing in g
one dimension, and accordin. to -oloculnr weight by SDS-PAGE in the
second dimension. Since the system can resolve proteins differing
by a iin;h'chix;n. it 1is potentially capable of detecting a mutant
polypoptido. if the mutation 1s the result of the rcplacmnt of a
charged by/ an uncharged amino acid (or vice versa). If, in cells"

. infcctoq/ with an KNA~ sutant, the only viral polypeptide uhibiting

an abnormal behavior was E, 1t would provide strong presumptive

evidence that E is the viral-coded component of the viral RNA replicase.



' e

If polypeptide F vas th'e only altered viral polypeptide in cells
1nfécéed‘v,ith a cleavage mutant, it would suggest that F is the
viral-coded protease. It is probably notoner-optimzstic to expect’
that by screening a n er of ts mutants in this way, it would be

pocl_ible - in at least some cases - to identify the viral polypeptide

that carries the ts mutation.
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CHAPTER VI
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