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_tides in Lccells have shown that,.as is the case with other picornae-

'9c1eavage of larger precursor proteins ~_Eourteen virus-specific poly—

e peptides have been identified by SDS—polyacrylamide gel electrophoresi‘

'}mycin was used tq block the initiation of translation. A cleavage
: scheme which interrelates all ﬁouré/ei virus—Specific proteins has been

- prepared after exposure to amino acid analogues (which block post—»”

'f‘precursor of a11 virus—specific polypeptides

3:been suggested that this apparent asymmetry of translation is due to. o _: .

L R 3 N 'p_ 3 O L ° L L g
A v e IR .

Investigations of the synthesis of Mengo virus—specific polypep— -

v

viruses, the-stable vira}ngne products are formed by post- translatioma‘

~

‘of infected cell lysqtes _and their molecular weights and kinetic

behavior'have been determined. The sequence in which the- viral polypep—

tides are synthesized was established from experiments in which pacta— -

.defined.i A polypeptide has been detected in lysates of infected cells

o, .

‘translational processing) whose size suggests that it is produced by

-

' _uninterrupted translation of the entire genome and thus may serVe as {‘j;“;

&

All viral proteins do not appear to be produced in equimolaf N

.° : N : “.

' amounts throughout the replicatiVe cycle of the virus, however, sineev’

Q N s ‘e

"the value of the molar ratio of capsid to non—capsid protein synthesized »

inereases progressively as a function of hOurs post-infection. It has

-

o °

increasing frequency of premature termination of translation at a site

alocated near the mid-point of the viral mRNA, an event which results in
a progressive dacrease inathe production of nondcapsid protein.~ ww_rlj me e

Comparative sthdies on the replication of poliovirus in HeLa cells 'h°~

LB g

indicated that the genome of this virus too may be translated asymmetri—
RN : _ AR . o e e




Y

cally late in infettion.f However, the instability of'poliovirus—

specific lpolypeptide'made p&ecise quantitation difficult. As a result, J -

the data do not proVide unequivocal support for the hyppthésis that
‘B}

premature termination occurs during the translation of poliovirus m—RNA. .

A crude cell free protein synthesizing system was developed the..

y objective being to test the te;mination hypothesis directly using

¢ . '

‘membrane—bound polysomes from Mengo viruSwinfected cells as template.

?

‘v .

Preliminary results incf‘icate that hi* molecular weight (>125 000) poly—

peptides are produced in this system and that inhibition of post trans-
. @

lational cleavage by the addition of the p;pteasa inhibitor TPCK

[N ~~e,g
o

increases the amount of high molecqlar weight material detected.
| Ty e
N Eﬁamination by SDS-polyac ide gel’ electrophoresis of ribosames

e from Men\b virus infected L 33113 re aled that little or nb virus-

AR

. o

B specific protein is ribosome-bound in this system

‘ /

Caep -

‘A pa¢ticle having an- estimated sedimentation coefficienb of "about

: SOS was detected during analysis of lysdtes of Mengo virus—intected cells

in linear 9ucrose density gradients SDS-poiyacrylamide gel analysis‘

showed that the SOS particle is compbsed of equimolar amounts of the
capsid polypeptides e, a and Y. Sincérthe particle could not be » .

labelled’with unidine and was insensitive to RNase treatment it was

@

3
concluded that it contains no RNA. Results obtained from kinetic

studies suggest that the 50s particle is a viral precursor although its

precisa role in the assembly'process remains to be determined. '

S B : .- L _‘.".‘L ) . o . B . . S - - .
ST L :,:L . S - vi ol B e ) . ) : %
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: viruses whose genome consisted of a: single strand ofvribonucleic acid. )

1. GENERAL INTRODUCTION '

jPicornavirus Cl‘ssificationf ‘f LT e e

- . M

.‘_l.

>

The term,picornavirus (pico meaning small) was coined in 1963 by.

o ;. S Y]

o the International Enterovirus Study Group to describe a group oﬂlsmall

The picornaviruses, by definition, are distinguished by she following
f&

'Acriteria' (1) their small size (150 to 300 X in diameter), (2) ‘the . -

subgroups distinguishable by thesencriteria are shown in

- e

absence of an essential lipid envelope, and (3) their single—stranded

.

P

o .

- v
RNA genomes Although there are plant and bacterial viruses whiéh meet

'these criteria, xhe term has been applied to- viruses of animal origin

-

only. ) >,
The picornaviruses have been further classified into subgroups on
the basis of differences in the pH stability of . the viriOns and in.

Pereira, 1972 Newman et al 1973 Scraba and Colter, 1974) 'fiye“

‘ble 1.

Altﬁough the cahciviruses are included as a subgroup, their larger

;size and characteristic capsid morphology (Zwillenberg and BUcki 1966

_ Almeida et al 1968 Wawrzkiewicz et al 1968) are atypical In addi—

S
°

tion, viruses in this subgroup appear to possesa only one major capsid

I

) protefn (Bachrach and Hess, 1973 Burroughs and Brown 1974) while all

»

N

other picornavirus capsids are composed of four distinct polypeptides

‘(Rueckert 1971 Fenner et al l974) For these reasons, Burroughs and

: Brown (1974) have proposed that this group of viruses be removed frOm-

] s

e R E Y
| PRI

the family Picornaviridae and be reclassified as a new family of

Calﬂiviridae._ -j o

° . P

. their buoyant densities in solutions of cesium salts (Andrewes and @ - 7

TR
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v

'(Alexander et al 1958) and Coxsackie (Mattern, 1962), from the cardio—'

“; . Eroperties of’ the Vi:ion

o T vo
- T N .

P‘\g:naviruses in general and Mengovirus 1in particular are . iso—

i )

metric particles with hydrated diameters of about 306 R The»virions

contain approximately 707‘protein and 307'RNA by weight (Rueckert, S

1971; Fenner et al, 1974; Scraba“and Colter, 1974) They have sedimen—
4

tation coefficients (S20 Y in the range oﬁ 150—160 s, diffusion
coefficients CD ) of 1 44 1. 47 x 10 ?)cm /Sec and partial specific
uvolumes“(V-) of 0.68— 70 ml/g (Scraha et al 1967' Rueckett, 1971'
Scraba and Colter, 1974) By suBstituting these values in the Svedberg
equation, a holecular weight pf 8 3—8 Sox 10 may be calculated

I3

(Scraba gt,gl, 19675 Rueckert, 1911, Scraba. and Colter, 19743

3

. . , . Lo ) o
. a A s . »
» 8 L. . u & <

The Viral RNA =~ °

"~ Infectious RNA°has been extracted from the enteroviruses polio.

a

viruses Mengo (Colter et alx\1957), EMC (Huppert and Sanders,_l958) and-

N\,

' ME (Franklin et al, 1959), and-. from FMDV (Bachrach et al 1964)

vThere is nothing unusual about the base compositions of picornaviral

genomes. The entero- and Cardiovirus RNAs contain approximately

equimolar amounts of all”four bases, while those of the rhinoViruses

°d1ffer in that they appear to possess somewhat dower amounta of

’guanylate (Newman et,al .1973‘vRueckert 1974) : None,have;been-fbund

v
s

. to contain any modified bases.' R ;,W,-i : T ' b':‘ f

»

. Uptil recently, the accepted molecular weight of picornavirar

<

3 .
RNAB wds ﬁbout 2 x 10 (1 8 to. 2. 8 x 10 ) Reexamination of these,

)

values by newer techniques has resulted in more précise estimates

T 2.6 giiOG for polio (Tannock et-al, 1970), 2.7 x 10° for EMC (Burness,

a ,,,

. . - L : < . . . | . L -
. . . R : : o

9



.1970) and 2 a4 % lO6 for Mengo (Ziola and Scraba, 1§74)‘

' Stretches of polysdenylic acid® (poly A), povalently linked to the .
3“ end oﬁ the molecule, have been found in .a number of viral and cell-
‘ ular‘mRN“sa(Brawerman,'1974).‘ Poly A stretches 50 to 100 nucféotides in, .
length- have been fdund in the RNAs of poliovirus (Yogo and Wimmer, l972,
- Spector and Baltimore, 1975a) Columbia-SK virus (Johnston and Bose,
2 B8 L.
;1972) and rhinovirus (Nair ‘and- Owens 197A McNaughton and Dimmock,
51975) The cardioviruses “EMC (Gillespie et al, 1973 ‘Porter etyal, 197b
Bnrness et al 1975) hnd Mengo (Miller and Plagemann,-l972, Spector and -
_Baltimore 1975b) algo contain poly (A) stretches but there is, some 7-:

v'uncertainty“to their length .The_ function of this feature is unknown,

but it appears to be essential for the infectivity of isolated viral

°

- ENA (Burness et al, 1975) The presence of Arrich segments ‘has been‘
.correlated to messenger function (Johnston and Bose, 972).’ 1t has also
been suggested that the presence of poly A may be required for encapsi—.
dation of the viral RNA (Spector and Baltimore, 1975b) .
| LittLe is known about the 5' end of the picornaviral RNAs ' They:
apparently,lack the m.G(S )ppp(S )Nmp . cap (Wimmer et .al, 1975) C ; ' -T
? "recently found to be associated with the mKNAs of reovirus, “ysv
_(Mnthukrishnan et 3&' 1975) CeV and vaccinia virus (Furuichi et al,
11975)'and with messengers from rabbit reticulocytes (Mnthukrishnan
.et al, 975) and from mouse myeloma cells (Adams and Cory, 1975),
preSence of which is required for translstion of the mRNAs in a cell—h
'free'system_(Mhthukrishnan'gg_gl, 975)
,:f - The cardioviruses Mengo and EMC, ‘as well.as FMDV,:contain traﬁcsb*

of poly .(C) fn their RNAs. (Brown et al, 19743 Porter et al, 1974). It

‘has been suggested that these m. y act as recognition sites for the

PN



a

viral RNA replicase in a manner analogous to that proposed for the phage'

Q8 (Kuppers and Sumper, 1975), a suggestion compatible with theg obser-

vation that a partially purifiéd RNA polymerase isolated from EMC

.virus—infected cells will synthesize poly (rG) on a poly (rC) template

(Rosenberg et al, 1972). However, no;poly (C) tracts have‘been found.

" in the RNA% of members of the entero-— and rhinovirus subgroups (Brown X

et al, 1975), an observation which'casts‘ some c‘ubt on the proposed

.

function of this structural feature, since the replieation of all

-

picornaviruses appears to; proceed by essentially the -same mechanism
A

.
PR .
- . . v

The Virion Proteins‘

Amino acid compositign analyses of total protein from a number of

: picornaviruses have been reported The results, which have been

tabulated by Rueckert (1971), show a marked similarity, the only

remarkable features of picornaviral proteins being the 1ow content of.

-

sulfur containing residues (2 -3 moles %) and the unusually high proline
content (6-8 moles 7) These proteins contain‘ elatively large amounts“

of other non-a—helix forming residues (serine, threonine and glycine) in

IRNE . ..
‘agreement with the estimate, based on optical rotatory dispersion and -

circular dichroism measurements, that Mengo virus proteins in- situ
i contain less than 57 a—helix ?Scnaba et al 1967 Kay et al, 1970)

. The results of ultracentrifugal analyses of picornaviral capsidA
protéins suggested that each virus contained a- single polypeptide
species of molecular weight in the range of 26, 000 tol30,0Q0 (Maizel,

i 1963; Rueckert, l965 Burness and Walters, 1967) ﬁoweVer, subsequent

analyses by electrophoresis .on’ polyacrylamide gels in the presence of

- ’

. - A R . ..
- . . e N h L . i



3
¢ . b

\urea showed that the protein extracted from poliovirus (Maizel I963j

;and from ME~-, EMC and Mengo—viruses (Rueckert, 1965; Rueckert and

Duesberg, 1966) contained several, distinct electrophoretic components

With the discovery that the electrophoretic mobility of a polypeptide

in pdlyacrylamide gels containing sodium dodecyl sulfate (SDS) is
\ . . \

. \ .
~directly proportional to the logarithm of its moleeular wéight (Shapiro

et al 1967; Weber and Osborn, 1§69; Dunker and Rueckert, l9§9) it'

became possible to determine simultaneously the number, the molecular

>

weights and ‘the relative amounts of the polypeptide chains in the

'-virions. .Thereafter, it was rapidly established that both poliovirus

(Maizel and Summers, 1968) and'ME-virus (Dunker'and Rueckert, 1969)

capsids are composed of four polypeptides with molecular weights

approaimately 34,000, 29,000, 25,000 and 6,000 to 104000. To date, it

.has’been shown that the capsidsvofiall picornaviruses examined (with

’Sge exception of the calkiviruses mentioned previously) are composed

of approximately 60 copies of each of four polypeptides of moleCUlar

weights.close to those cited above (Scraba “and Colter, 1974).
. Y . . ; o

Morphology and Architecture of the Virionl

With the purification and crystallization of poliovirus (Schaffer

and Schwerdt, 1955 and 1959) it became possible to probe picornaviral

structure by X—ray crystallography. Finch and Klug (1959) examined .

(=]

crystals of poliovirus by this mf!hod -and concluded that the virus

. possesses icosahedral (5:3: 2) symmetry, implying that the capsid is’

constructed of 60 (or 60n) identical asymmetric structure units

(Caspar, 1956 Caspar ans Klug, 1962). From the regular modulation of:

| \

lEor,review; seeﬁRueckert} 19}1{3 .

©
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, < . .. : ,
. , . :

intensity in the difTraction_patterna they suggestEd.that.the structure
. unit has a diameter of 60 to 65 K. Some doubt was cast on this.con—
clusion, however, Qhen electron‘mibrosébpy showed that turnip yellow '
‘ mosaic virus {TYMV), which produces an X-ray diffractidn pattern
virtually identical to“that of poliovirus (Klug Eﬁ.él, "1957), possesaes‘
32 capsomeres, 60 R apart (Klug and Finch, 1960). Klug and‘Finchr‘

. S
concluded that the 180 identical polypeptide chains which form the

N

TYMV capsid (Harris and Hindley, 19619 are quasi—equivalently-clustered

into 17 pentamers and 20 hexamers (Klug et gi) 1966; Finch andiKlug,

& : . : ) T o P .
v.1966) _ S . Ct .

Attempts to determine the number of capsomeres present in picorna—-
. R " f
viruses by electron microscopic examination of negatively stained

preparatibns have been unsuccessful since the capsids of these viruses

. are extremely compact and esseptially impermeable'to the heavy metal
SO f - ¥
salts commonly used as negative stains. The conflicting reports'éf

. 32 (Mayor,’ 1964), 42-(Agrawal, 1966) and 60—(Horne and Nagington, 1959) .

e - -

capsomeres per virion have been based on the appearance of one or two

"favorany"'stained and oriented, and thus non—representativeL particles_

.

in a field containing a large number of virions, The relative positions

_- o : »
of four distinct polypeptide gpecies must- also be considered fn any o

&

-model of picornaviral architecture.

These problems were resolved in part by Rueckert and his co-

workers who studied the products of controlled dissociation of ME—virus
‘capsids (Rueckert et al, 1969 Dunkgr and Rueckert, 1971) It has been‘h
) shown that’ the cardioviruses ME (Rneckert et al, 1969; Dunker and \
: Rueckert, 1971) EMC (McGregor et al 1975), and Mengo (Mak et al 1970)

"§.' - are inactivated by incubation at pH 5. 5 to 7.0 in the presence of 0 1 to

L



\,.
.

. ) 1 _
0.2 M chloride ions. This 1nactivation is caused by dissociation of

the\vifal caplid into subunits (sed.coeff. = 14¥; M.W. = 425,000) with “

the coneomitant release of.the viral RNA. Rueckert gg‘glf(i969;yshowed,
that the 14S dubunit ﬁsy be further Qissociated Ly incubation with 1-2

. M urea into a product having'a ;ed.coeff. of 55 and M.W. of about

86,000. They also demonstr?ted. by SDS—polyacrylamide gel analysés,

(
‘that both fragments contain equimole} amounts of the capsid polypeptides

a}'B.and Y. On the basis of these data, thesej;uthora prqposed ‘a 60

' subunit model for the structure of Mﬁ;virus, 4in which the_%asic
steuctere unit is a-protomer composed of one molecule ‘of each of the

. - . N
non-identical polypeptides a, B and 'y (i.e, the SS protomer%‘ i?t is
envisioned that these structure units sssociate'in clusters of ﬁive'to

form the 14S subuﬁiES'(pentamers), one of which 1is centered at each~

» . ) \

- vertex 6f the icosahedral particle (Dunker and Ruecke:t,‘l971)L

Suppgrting evidence fo; this model has been provided by similar >~

o

studies of Mengo virus (Mak et,il/,l?74) Dissociation of the Mengo

virion at pH 6. 2 results in the production of a 13. AS subuﬁgt which can

be further broken down by urea into 4.7S fragmepts. SDS-polyscrylamioe
£ I " [P ) s

gel electrophoresis has confirmed that the pdlypeptide COmposition of

both dissociation products is the same as - that of the corre#ponding ME

— Y .

-
virus. fragments that 1s, both contain equimolar~amounts of the capsid

B

o

" polypeptides a, B and y} The dimensions of both the 13.45 and the °

’4.78 fragments, as determihed by electron microseoﬁ§; are ‘consistent

-

- with the .notion that ;he‘4.7S'is the fundamental structure unit of the

3

. @ . * - - ° . . i
capsid and thgt the }3.4S is a pentaméric cluyster of the7e units.
. : o \- o '
These authors believe that the wvirion is composed of 60-4.7S units

B

e T N . ‘ o L



“ ‘ e " K 4 o ¢ [ : ' ‘ oy Q
(whoan dinmetnr of 68 % a&roaa well with theeoriginnl pradiction of
Finch and Klug. 1959) arranaed in §2 groups of 5 unitl each (nhe 13,48

' pentamera) One such pentlmet woqld be locntod at each vertex of the
. icasahedron.cas proposed by Dunker nnd Rueckert (1971) |
o ' o 5 [ o
There is st11i some. uncertainty :egar%}ng the fine detail of
o 4

kl
(M

picornaviruSVEapsid architecture. °It is not khown. for example, whether

the three non-identical polygeptides which make up the 4.7S Gnit are

locatea at specific sites within the unit or whether they exisc'as an
interwoven "trimeric" complex. Thé’trﬁe situation may be somewhere in

* between. The relationship of the smalles; capsid polypeptide §, to

g

et D
the & 7S unit is also unknown. Mak et al (l976) have proposeq that this
U ) : ) ) Q

protein is clustered in trimers, one of which is locatedcon each of the

T e
20 faces of ;he.icosahedral‘Mengo virion. On the“other-hand, it -has

f

been proposed that this polypeﬁtide occupies an internal site in bovine

—_— —

enterovitus (Johnston and Martin, 197f7‘§hd FMDV (Talbo{ t 'l, 1973)? °

while Philipson et g;.(1973) favor a model for1Coxsackie B3 in whieh
o o = ¢ .0
this procein is Jlocated (as pentamers) at the vertices of the icosa- .

hedron.® Although the capsid architecture of all picornaviruseﬁ is
o 9 . :
basically similar, it seems quite likely that 8ifferenEEh in fine . -

a S

'-structure may. ‘exist among thé various subgroups.

. -,
-Viral Replicationlz Early Interaction Bexween Cells and Virus B

2]

- B

Attgchment o
- ° Q *

To initigte#inﬁeetion, virids pafticles attach to specific’recédtors’

- [+]
-

~3

1For general review, see Baltimbte; 1969-55& Eennerﬂet el 1974.

2For a chprehensive review of this suﬁject, see Lonberg-Hdlm and o
Philipson, 1974. ~ :



-located in the membrane of susceptlble cells lt has been estimatedf.'

that each cell posse%ses 10? toJlO5 receptors of%aparticular type

(Crowell‘et al, 1971 Lonberg—Holm and ‘Korant, 1972) _These.receptors;

ol

which can 1n some cases ‘be destroyed by different proteases, appear to"

3

v

v show limited cross'reactivity: for example, poliov1rus types 1 and 2

v\:; compete with each oth€r for HeLa cell receptors, but type 2 polidvirus .

does not affect the attachment of coxsackie B3 virus to this cell

(Crowell R.L., 1966) “The nature of the .virus— receptor 1nteract10n

P N

appears to be exceedingdy cpmplex and has not’ yet been fully analyzedt;

Lo e K -

In'l971 Crowell and Philipson reported that coxsackie B3 v1rions whichp

had heen attached to HeLa cells and subsequently eluted were no 1onger
o ,f, . St : 3> )

ilnfectious since they were unable to. reattach .JLoss “of 1nfect1v1ty in

. / .
this case and in analogOus studies with p0110v1rus (Breindl 1971) was .
- 7

o

‘Acorrelated to the loss of VP> 4 (6), Whlch suggested that the smallest

cap81d polypeptide was the ”attachment protein .7 Recent ev1dence by

10

Butterworﬂh et al (1975) has disproved this theory and providea con—

v1ncing support for an alternate hypothe31s, namely,nthat the conforma—~

tional integrity of the- entire virus particle determines the recognition‘

unit.‘ These authors have shown that preparations of rhinovirus may be

resolved ‘into two populatlons by 1soelectric focussing Although both

Vgroups have. the same polypeptide compositlon((includlng VP 4) those

[ RS

particles whose low isoelectric point, suggests an altered conformation
of capsid polypeptides do not attach to susceptible cells.'J

Attachment appears to pass through several stages from a loose to

'fa tighm bond with the cell and the conversion may be temperature

dependent (Lonberg—Holm and Philipson, 1974) 7ﬁkﬂ£¥se attachment is

' .
e



‘o

defined as-one'fromﬂwhich infectious virus can be recoveréed by washing
. . - . AR, ¢ . .
with solutions of physiological pH and‘ionic strength‘ while a tight

bond is one that can be broken only by exposure to low concentrations
» : . A‘

. of detergents Lonberg—Holm and Philipson (1974) have presented a model

in which an fhitial weak and readily reversible interaction between

- -

© . virus and receptor is followed by the_diffusion of;more‘receptors in

the plahevof th’-nembrane'to the‘initial site ofainteraction.resulting

in a strong multfvalent attachment. Lowering’the‘temperature would |

decréase the fluidity of the membrane lipids and the mobilityfof’h
. . . [N e i o | . .

receptors within‘the membrane.@iACCOrdin;'to this model,the'receptorS'
for ‘those viruses whose attachment is’ essentially temperature—‘
independent such. as Mengo (Mak et al‘ 1970), polio (Bachtold et ‘al,
1957) and FMDV (Brown et al 1962) must be clustered on the %ell surface

while the. receptors for rhinovirus, whose attachment is temperature—

- L1

out the membrane. .

sensitive (Lonberg—Hblm and Korant, 1972). must be distrlbuted‘thtnughf

Uncoating and;penetration of the virion”“

Ie

The fi;st step in the process of ‘uncoating picornaviruSes appears

to be an alteration of the structure of +the. capsid to facilitate the

~

»

release of RNA. - This conformational change ‘may take-place at the-

'extracellular surface of,the Cell'membrane shortly'after.attachment of .

-

a virion to’ its receptors. In the case of the enteroviruses and rhino—'

fviruses, the product of this step in the uncoating process is stable
. .

and can be shed from .the cell surface into the surrounding medium

AT

(Joklik-ana,Darnell,*1961;;Lonberg—Holm and_Korant 1972 Fenwick "and

°
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rCooper, 19625 The eluted particles,.called A particles; have'altered
'capsid morphology and antigenic properties They contain the complete
viral genome in an RNase—resistant form, but .are non—infectious since

' ;heyicannot‘re—attach to susceptible cells (Joklik ard Darnell 1961

A

Mandel, 1971"Lonbe€7~ﬂolm and Korant, 1972 Cfowell ‘and Philipson,

1971 Breindl 1971) This morphologlcal rearrangement coincides w1th
the loss of VP-A hegsmallest capsid polypeptide (Crowell and

Philipson l97l Breindl 1971)

]

o

In the case of -theé. cardioviruses, extracellular uncoating may be

even more extensive Hall and Rueckert (1971) have reported that a-

~

fraction of the ME virions attached to cells at 37 C undergo a, confor~- °

mational rearrangement which results in the rélease of the viral RNA

7

:into the extracellular fluid followed bygdissociationoof the empty

'capsids in 148 pentamers o - ~A“ S o ’

o

The fact that agents such as glutathione which staHfiize the

3

12

L4

native conformation of polio (Lonberg—Hblm et al 1975) and rhinoviruses
(Lonberg—Holm and Noble—Harvey, 1973), as reflected by increased heat .
tability, also inhibit plaque—formation suggests that conformational ;

‘rearrangement of the capsid is required for the establishment ‘of - an

infection. In contrast, the presence of 40 mM MgCl which protects ME--

virus (a cardiovirus) against heat inactivation increases the efficiency

" of- plaqne formation by attached virions (Hall and Rueckert, 1971)., lt{"

';718 most likely that ‘the stgbilizing effect’ of the addition of moderate

,amounts of salt to "this system is to slow morphological alterations of
" o » A -~

;the Capsid and thus to. reduce the numBer of rearrangements which wouldj

;otherwise reSult in abortive infection through loss of the viral RNA.

«  The increased efficiency of plaque formation by oardioviruses resulting . ..V

&7
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from slight increases in the pH of the medium in which cells and virus

o

interact,may be explicable on similar grounds (Colter et al 1964 Hall

and Rueckert, 1971) ,ﬂ S L f . o vg~

Y . Precisely how the, virion traverses the plasma membrane;is not
clear.- Electron microscopic evidence for a pinocytotic process is not
‘COmpelling, partftularly since the experiments were penformed late in .
;fthe infectious cycle (Dales et al 1965) Dunnebacke et al (1969) have
published electron micrographs of thin sections of cells collected at 0
f2 min, 5 min “and lO min- after 1nfection with poliovirus which seem to
show direct penetration of adsorbed particles. |

" The instability of cardiovirus eapsids suggests that RNA alone-mayr

'enter-the cell. The idea does notoseem unreasonable since the 1solatedb'
_ genomes of many viruses are infectious (for revieu, see Pagano, 1970)

In adﬁiticn,fchan and Black (l970) have shown that. incubation of

°

a~poliovirions with membranes isolated from susceptible cells renders the

13 .

!
RNA nuclease sensitive. Alternatively,vit may well be. that penetration

@ .
<

A'of ‘the membrane ‘and the conformational rearrangements of. the capsid

a

,L which result in release of viral RNA occur virtually simultaneously

-

o . ks

Alterations of cellular metabolism, .

-

v Infection of cells withopicornaviruses normally leads to a rapid
~..and Substantial inhibition of host DﬁA, RNA and prptein synthesis These

effects begin very shortly after infection and are quite distinct from

.G -

the progressive decay in’ cell functions which accompanies cell death

.o
a’

'_Elucidation of the mechanisms involved has been difficult since the

rate and extent of shut—off depends on the multiplicity of infection as

Y

well as on the strain of virus and cell involved.‘

e A _ e,
0, N . L. o

R



Inhibition of host-cell protein synthesis appears to result frgm,_

‘_i/’/ o

'dissocia;ion of polysomes leaving ribosomes freé to associate %ith

°,

-viral message (Penman et -al, 1963) ) Normally,‘mammalian mesSengers have

a long half life (Greenberg, 1972) . It has been established that the

inhibition is not due to extensive degredation of pre-existing cellular

mRNA ; =although it is difficult to detect very small changes in size

,which may be sufficient to render the message inactive (Colby et al

1974) Leibowita and Penman (l97l} Have suggested that shut—off 1s due

'to more efficient initiation ofﬁtranslation.pf viral RNA than of -

teldular mRNA in infected cells. This notion has recently received .

support grom Nuss et al (1975) who Jhave shown that translation of viral

mRNA continues while initiation ‘of translation of cellular mRNA is

‘_blocked by the addition of excess ‘sodium cploride to. the medium in which

I

infected cells are incubated ' In a preliminary communication Thach

et al (1975) have reported that while extracts of EMC—infected-mouse

3

mveloma_cells_translaEe—afeciiuiar mnmA erticiently, the translation is

-abolished by - the addition of small,amounts of viral mRNA to the system.:

'hiThe data indicate a competition between the two mESsengers for some

-a viral function since it does not occur if viral protein synthesis is fA-‘-

i-component of the translation machinery Specific ‘host: initiation B

°-

factors are required for the translation of viral RNA in yi tro (Wigle

v Q e

and Smith 1923) Whatever ‘the mechanism it i3 clear that shut—off is .

4

-blocked (Eranklin and Baltimore, 1962 Penman and Summers, 1965)

Y S

.However, whether it isg ' the direct result of the activity of ‘a specific

v - ‘W

viral gene product éither positively or negatively affecting the trans—“'A

lation process, or whether it merely reflects the.competition between o

viral RNA snd cellular mRNAs for certain cellular factors required for

) . L . . S LT et




translstion is less certain.. RN A'_" » "“5“-" LT

v

/
It has been suggested that double—stranded (ds) RNA, which is a B

' byproduct of replication of the viral RNA (see next section),vmay be

v

: ;involved in the shut~off of host. protein synthesis,“ Double stranded RNA

'_“was shown to inhibit the initiation of protein synthesis in rabbit

A-reticulocyte 1ysates in vitro (Ehrenfeld and Hunt, 1971),_and it has = ..
qbeen proposed that it does 80 by complexing with the initiation factor ”"1(
"‘f': IF-3 (Kaempfer .and Kauf;'nan, 1973) However, Celma and Ehrenfeld (1974)
found that viral and cellular protein synthesis are equally sensitive :
'.to such inhibition, and also calculated that inhibitory concentrations'f"
f ds RNA, as. determined from in vitﬂb studies, occur in vivo only late‘l;“
~'in infection, when all protein synthesis begins to decline Q}though
Ce one must be cautiousqabout extrapolating results obtained from an in
idixitgg_to an in vivo system these observations make it seem unlikely

M

,that ds viral RNA plays a role in the shut—off phenomenon. .

The inhibition of RNA synthesis by picornaviruses (Franklin and - L

°

T _ 'Baltimore, 1962) is also a. viral function (Baltimore et al 1963) 'Its :ii'
: mechanism is unknown and the possibility tHat the phenomenon is second—'f”
‘ary to the shutdown of host protein synthesis has ‘not been excluded

: Thus, either lack of synthesis of some labile factor required for
:*transcription, or the sequestering<of such a factor as part of a viral
;replicase wouId have the incidental effect of blocking transcription of"4

‘cellular DNA.

T,

<

It has been shown that the inhibition of chromosomal DNA replica—'.

' 5tion by picornaviruses*can be mimicked by antibiotic—mediated inhiblgion ;s'f
'_of protein synthesis (Hand 1975 Hand et al 1971) and, thereforeé 9t~”l/‘M

.9..



| lis likely that this effect is. secondary to’ the viral—mediated shutdoff

l ) : |

' o : I
, Replication of the Viral RNA i 00

of,protein synthesis, ihere 18 no degredation of the DNA in either case

Studies of the kinetics of poliomirus replication show that syn—'
o \
thesis of viral RNA begins ahput one half hour after infection. and con~
L

‘jtinues at an exponential ‘rate until early in the logarithmic phase of
\ .

viral production (about 3 hrs p i in this- system) Thereafter, syn—u

o ithesis continues at a linear rate for about l hr and then begins to.
rsjsxggl‘ decline (Baltimore et al 1966 Darnell et al 1967) The switchover'

ffksfféz exponential to 1inear kinetics occurs at about the time thatu

.o ' R

production of progeny virions reaches its maximum rate, “and . it has been

e ,'_.suggested (Balimore, 1969) that the - removal of newly synthesized viral

molecules, is responsible for the switch.‘ The final decline is

R : AL C e
o

-probably due to degeneration of cellular metabolism

w e

-

o

.‘RNA for encapsidation, whiph limits the size of the pool of replicating

16

The precise mech?nism of - replication was: . clarified as a result of

lstudies -on RNA phages- of the-£2 group: (for review, see. Weissman et aly

'1968 1973 Speigelman et. al 1968) .The VRNA serves as template for

;the simultaneous transcription of six to seven strands of complementary

RNA (CRNA, Baltimore, 1968) The cRNA molecules then serve;as templates

A for the synthesis of viral RNA molecules in an analogous fashion.~;
s The transcribing structures, called replicative intermediates (Rl),
'thus consist of a. single strand of template RNA hydrogen—bonded/

'_'to the growing 3' ends of progeny molecules whose completed

o

5. ends are free (Thach et al 1974 :"la"' '}k'-f“. Co '“”",qa'

: 'J:-. ST ; A ’ . \\\.
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" for revie see Blshop and Levintow, 1971) Synthesis’of-RNA is
Teto ¢ ’
asymmetric in that most of the RI s produce viral RNA (Bishop and

v

. Levintow? 1971) ~Whether.-this is a result solely of the removal of *

VRNA . for tranalation or encapsidation is not known.. The precursor
b

nature of the RI was clearly demonstrated by pulse—chase experiments
(Girard 1969 McDonnell and Levintow,‘1970) in which radioactivity

was shown to enter RL structures rapidiy and then to pass into single

>

. stranded progeny molecules.' In infected cells,the end&re complex is

- b

. ‘firmly’bound to smooth membranes. -

‘ The double ‘helical "replicative form". (RF) ‘which accumulates 1ate- -
in infection (Baltimore and Girard 1966) has been showﬁ by pulse-chase
experiments to be an irrelevant end product of the degeneration of RI sv

(Baltimore, 1968 Girard 1969) . s

Siaeesthe synthesis of RNA from RNA templates does not appear to

- 9y

- )enzyme p se w0uld suffice to replicate the genomes of picornaviruses,

°

‘ an assumption that was strengthened by the observation that these
~ viruses grow in the presence of Actinomycin D which’ inhibits‘DNA-~1
dependent RNA polymerase (Reich et al 1962); Shortiy thereafter a..

. virus-induced RNA—dependent RNA polymerase (replicase) ‘was detected in

infected with Mengo and polio viruses (Baltimore and Franklin,

a

he association of replication complexes with smooth membranes,
m7h the marked instability of the replicase activity has
-pered efforts to carry out definitive studies of the enzyme.

: E e, e
_‘ mu-mbrane-bound complex as a: whole may be isolated in active form,

2

~-but dissociation from membranes usually results in a rapid irrevers—-

ible loss of replicase activity (Girard et al 1967) . S .
S S )

°
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Some progress:has been“made Ehrenfeld et al (1970) have Succeeded,
in purifying the replicase complex 85-fold without loss of activity
sDS-polyacrylamide gel analysis of a purified complex from EMC virus— » .~.
infected cells has‘revealed the presence of 5 polypeptides (MW |
72, 000 65, 000 57 000 45 OOO and 35 OOO) one of which has a molecular
-weight (57, OOO) identical to that of the viral non- structural polypep— 'P‘
ftide E (Rosenberg et al 1972) The molecular.weights 09 the others
'arerremarkedly similar to those of the four subunits of QB replicase
70, OOQ 65, 000, 45, ,000 and 35,000; subunit 111, (MW = 45 OOO) is virus
coded in this system (Kondo et al, 1970 Kamen, 1970) A similar
.analySis of the replicase extracted from radiolabelled p0110v1rus--‘
infected cells showed. that it also contains a virus- speeific polypeptide
.'which co-migrates with the poliovirus equivalent of polypeptide E
:(Lundquist et al 1974) These observations suggest that the replica—

- tion of picornaviral RNAs, like those of some RNA phages, may ‘be -

catalyzed by an enzyme composed of a viral polypeptide (Dolvnentide E

in the case. of the cardioviruses) in association with pre—existing, and

as yet unidentified Acellular polypeptidesv
dooper et al (1970) have presented genetic" evidence for the
existence of -two virus specific polymerase activit;es. However, due to
the monocistronic nature-of . the genome (see next sectidn) the existence ) .

of two separately mutable sites cannot be- taken as conclusive evidence_.

for the exidtence of two separate‘polypeptides.

Biosynthesis of Viral Polypeptides1

The synthesis of picornaviral polypeptides takes place on, lar%ej ‘

>

“f}Fo: review, see ‘Hershko. and Fry, 1975.

.
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o by subsequent cleavages

‘deration of their combined‘molecular we

(380 S) polysomes in which the entire viral RNA serves as messenger
(Penman et al, l964). From the kinetics of labelling of the 14 or so
virus—specific polypeptides "found in infected cells, and from a consi-
: ights together with the coding
capacity'of the‘siral‘genome,-it was concluded that stable virus-'.
specific,proteins are formed by:post;translational cleavage of larger
precursors (Summers and~Maizel, l968; Maizel;and Summers, 1968; Holland

and Kiehn 1968 Jacobson and Baltimore, 1968} . Jacobson and Baltimare

(1968) suggested that the viral RNA is translated into a single glant .

-

polypeptide ('polyprotein') from which all viral protéins are produced -

q

In spite of the fact that polyprotein is not seen under normal

conditions, considerable evidence has accumulated to support this

1

hypothesis A glant polypeptide, MW > 200 000, has been detected in

lysates of coxsackie virus infected cells after a very short pulse

19

-

L

T accumulate high mnlecular weight precursors which are cleaved when the

label early in infection (Kiehn and Holland ,1970). Polyprotein.has'
also been detected in infected cells in which proteolytic cleavage was
blocked by specific inhibitors such as TPCK or TLCK (Korant, 1972

Summers et gl, 1972), by»zinc iong’ (Butterworth and Korant, 1974), or

by the incorporation of amino acid analogues into the- primary sequence

- a

of the protein (Jacobson et al 1970; Paucha et al, 1974). Some

temperature senaitive mutants. of poliovirus ‘have been shown . to

-

temperature is restored to the permissive level (Garfinkle and Tershak

o 1971) Roumiantzeff et al (1971) reported thatvmembrane—bound poly—

ribosomes'from poliovirus—infected cells synthesized a protein in vitro

e



whose size suggested that it was produced by ‘uninterruptéd translation,,

= of the viral genome . Also compatible with the hypothesis are the
‘results of studies of picornaviral RNA—directed protein synthesis in
cell free systems, which ShOW‘that (at least in'vitro)'these molecules

contain a single site&(at or near the 5' end) for the initiation of

translation (Oberg and'Shatkin, 1972; Boime and Leder, 1972; Smith,

1 1973).

-
o

The cleavage steps which result in the formation of picornaviru5‘
_pol&peptides are prefented in Fig.vl. This scheme, first proposed by ’
. Butternorth'and Ruechert'(l972a), was deduced from polse—chase experi--

ments using EMC virus—infected cells, and verified byngenetic mapping
of the polypeptides (1972b) u51ng the drug pactamycin which at low |
concentration inhibits initiation of translation kSummers and Maizel

1971' Taber et al 1971; Rekosh 1972), and-by cyanogen bromide and

tryptic mapping of isolated polypeptides (Butterworth et al 1971

I

20

Dobos and Plourde, 1973). Pactamycin mapping and kinetic studies have

-

shown that the pattern of cleavage is very similar for poliovirus
(Butterworth 1973), rhinovirus 1A (Butterworth 1973 McLean" and
Rueckert, 1973) and for Mengovirus (Paucha et al, 1974ﬂ Lucas—Lenard’

1974) .. As this scheme will be discussed fully in Chapter 111, only a

brief resumé is presented here. ‘__ _ -4

[
i

Under nosmal conditions, three ‘large polypeptides‘(designated A,

F andAC) are produced'by primary cleabages of the hascent 'polyprotein'.w

_Protein A, the precursor of the four capsid poiypeptides is located at
.the amino—terminal end of the pol*rotein (corresponding to 5" region ‘

of the viral RNA), and product C is located at the carboxy terminal

v
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~
A - 6 H F - C.
T w06l Tag T e " (87.9) '
L + D) -
(96.8) \ . (28 . (T6S6)
— D2 e — E
(39 (szr) (s78)
3 8 (2ar)  (325) ST
Rl . A ) ~
(74) (298) .
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4 .'
Figure 1. Cleavage scheme of Mengo viru’é—specifi_c polypeptides. T
The numbers in brackets refer to the molecular weight, in- thousands, L
of each polypeptide. . . S
/.J 4.
.
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end (corresponding to the 3' region of the xiral'genome). 'The cleavages,
_'C + D > E and A »,e, o and y, have been nermed secondary ‘cleavages. 'The

morphogenetic cleavage,‘c » § + B, occurs during the final gkages of

* N »

virion assembly;’-Polypeptide F is stable.
" The nature of the enzyme or enzymes - involv‘:-in this process isv
unknown. The observation that the inhibitors TPCK and TLCK block the
priﬁary cleavages of the polyprotein (Korant, 1972; Summers et gl, 1972)
suggests that tlyey may be catalyzed by an enzyme having.chymotryosid;

. . e . ‘ . )
like activity. It 1is also highly likely that these cl€avages are . '(V
. ' :
catalyzed by a Cellular protease or proteases, since Korant (1972) has
xp, . R .
shown ‘that the poliovirus polyprotein, isolated from monkey kidney cells’

-

infected in the presence of TPCK, can be converted, by incubation with’ . -

extracts of uninfected cells, into products identical to - those produced

by primary cleavages 1in vivo. Secondary cleavages were. found to oceur

i

. - . o : : .
1 th sence—ef—exér&ees4ﬁ?4ﬁ{ee%eé—eellss—whieh~suggests_thata___;_ .
—onty Irr—the—pre ¢ 3 : .
-« . . - " . : .

a viral protease is involved at, this stage. ‘
From an analysis qf the terminixof isolated Mengo virion polypep4 ’
tides, Ziola and Scraba (Virology, in press) have suggested that the
secondary cleavages resulting in the formation of €, O and Y are cata—
1yzed by a single viral protease with a specificity for peptide bonds . - o "f~

~

involviqg the carbonyl function of . glutamine

Lawrence and ‘Thach, (1975) have examined the synthesis and cleavage

e

‘of the capsid precursor in vitro~and have found that an early stage in-

its- processing.involves the removal of a small fragment from the amino—".’

terminal end.” The proteolytic activity requnsible for fhis cleavage

PO

aopears to co—purifyAwith capsid protein.y. "Since the Y sequence 1s L



‘an 'integral part of

may be. autocatalyti

()

A, these"authnru have suggested that the~proceas'

c. ’Thls same octivlty may also %e respomsible fom

che—final morphogenetic cleavage, since Korant (19?3) haw shown that

the conversion of ¢

0. -

capsid asaembly.

During the rep

(sed.coeff. -0738),

Q o
7.6 + B does not take place in’ the—absence of

¢
’ R

. : Vlrion Assembly

llcation of poliovirus in HeLa cells, empty capsids

[+]

whose polypeptide composition differs from~that of

-
s

- mature virions in that-they contain>VP40 the precursor of VP 2 and

VP-4, in uncleaved

kN .0

form (Maizel et al 1967), are produced Jacobéon

and Baltimore (1968b) found that 738 empty capaids accumulate 1n

Y

1noe the radioactivelydlabelled protein therein was fbund to shift into

mature virions upon

-

Ed

L}

. N B , E ) B
73S particle is & precufsor in the assembly nmocess. Fﬁrnandez Tomas

infected’ cells in the presence of 3 mM guanfﬁine hydrochloride, and S

-removal of the guanidine, they concluded that the:r

o

and Baltimore (1973

tained viral RNA but 1n which VP 3¢ was also uncleaved, suggesting that

insertion of"~ th v

o°,

) subsequently detected a 1258 paxticle which con— .

@,

l»o

al RNA 1nto the preformed capsid but may be

.

required'for stabilization of the capsid structure :A-' 17 S

Phiilips ét al’
infected HeLa-cells

.peptfdQLcOmpoéition

'(1968) had previously.shown that goliovirus— ;

‘'

contain SS and 14S structures with the game poly—'

- the morphogenetic" cleavage of VP 0 > VP 2 + VP 4 is ‘not essential for

as gmpty capsids.[ The'14$ stxuctuges could_be s
I A S E
_assembled igAvitro intoc735-procapsids(CPHlllips, 1969, 1971). The’
. — . S : ) e LT
= - - T . - K l

1For'reyieus, aeedcesjeﬁg and King, 1975 and Hershko and Fry, 1975.
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reaction was ﬁouhd to be enhancedo%y the additlon of rough membranes“
from infected cells (Perlin ‘and Phillips, l973), suggesting that the

self éssembly of l4S precursors 1n vivo occurs on rough cytoplaSmlc

4 e
°

membranes which havevbeen modlfled duangvlnfect‘o .‘:7
On the basis of»this informgtion} the‘follgzzgg scheme has:beenbf'
suggested for the assembly of p0110v1rus (CaSJens and Klng, 1975 |
. . 0
Phillips, 1972) | ' |
MWP1—~WPm,l;w—;ﬂﬁﬁ,l,3)—>[WPO 1, 3)]

LS. ... .58 o 148 2 : 738 procap51d -;

Ve

S S e el . .
Ved : ) . S
’ ) \\\\\_A ‘4”// - . . .
RNA[(VP -1, 2 -3, 4)5]12 - - —— RNA[(VP-O l 3)5]12
lSOS»mature virus partlcle ' - T © 1258 prov1r1on A
' A maJor cr1t1cism of the experiments on which this-assembly séheme

/
i

7 4
vIS based is that it~ 1s difflcult to deflne product precursor relatlon—
‘ships unamblguously on the ba31s of pulse—chase experiments due to’ the
/f ‘ large pool sizes of the intermedlates It is possible that some species

. f\ are the products of abortive assembly rather than structural 1ntermed1—
e . . .

»_r atEs. Most suspect in thiS'regard’ls the 735 procapsid Ghendon et al

: . /

o ) . (1972) have found that poliovirus—infected MiO cells (from rhesus~
. s . monkey toniiij16:Ccumulate 148 rather than 73S partlcles in the presence h
ofrguanadine. én the guanldlne is removed the 148 particles chase

directly .into mature v1rions withdut the appearanee of 73 procapsids. 'ec

~

- In v1tro, however, empty cap51ds do form ) . S .

' Although empty capsids are regularly fournd during infection w1th ' e,

B ‘pollovirus, they -are never found 1n -cells, infetted with the cardio—
‘viruses.n McGregor«et al (1975) have found two capsid precursors in EMC o
9 S ‘

. . . .
LR . . - R .
. . . , .
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S gsembly of cardioviruses proceeds accordlng to the follow1ng scheme

@

o agradlents.< The 13s particle, of polypeptide comp031tion (A)

-workers have suggested that polypeptide A must aggregate into-a pentamer .

virus—infected HeLa. ‘cells. which\sediment at- 138 and- IAS in glycerol
57 was
found to be converted into:the 14S- partlcle of polypeptide comp051tion

(E a,y) , Since (e a,y) was never found in monomeric form, these

before undergoiné secondary'cleavages. They have proposed thdt . the

RNA

(A) > (,A)S > QECV-Y)S ——:}T“V RNA [(GBYQ)SS 59 (E Q,Y)l 2] :,3‘.
. . ; ? £ .

o .8+ B
~138 "AlAS’ o - : . lSOS virlon

It would appear from these data that . the assembly of cardlovirusesvf-

-occurs in a highly concerted fashlon : Prather and Taylor (1975) have -

‘hported that 80S. and 1258 subviral particles are. produced during thev_

'replication of Mengovirus in a restrictlve bovine kidney cell line

J(MDBK). However, no attempt was made‘to characterize these;particles.

While further work will be required to confirm and define more

precisely the obserﬁedvdifferences;betneen,the‘assembly:pathwaYS,df

: between the capsid polypeptides of different picornav1ral subgroups.

N
,J :

'entero— and cardioviruSes,.it seems likely that they'refléctureal and

a-

fundamental differences in the nature of the intermolecular bonding

o e s

'The.work.described in'this thésis was'undertaken‘to identifyéthe

'virus—specific polypeptides produced in Mengo virus—lnfected L. cells )

25

 and-to define the post translational cleavage scheme by which they are R

:
s

'produced.-AOne objective_of these stqdies was to_determine whether any

9“‘3,
S
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, differences in the production of polypeptides by the L—, M- and S-

3
v

variants of Mengd’virus (Ellem ‘and Colter, 1961) could be detected

[ 4

'-The results of comparable studf%s of the poliov1rus HeLa cell system

are presented

@

as are preliminary:data'obtained from‘attempts to

establish a cell free protein synthe5121ng system from Mengo virus—
EEEY ‘o 7]
Finally,~the 1dentificat10n and partlal characterlza—

infected'L.celis._

~ e

tion of a: subviral particle, belleved to be an 1ntermed1ate &n the
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.‘II.4 ROUTlNE MATERIALS-AND METHODS..
Media

Sterilization procédures

(microng). . - - .

\ '

All media were sterillzed by filtration through a nltrocellulOSe

filter (Millipore Corporatlon Bedford Ma ) with a pore 31ze of O 22u

}
(»"

©

o >1’§;H

- - . o

Growth Media "f” A vq',‘ - | t W

[ S
a

Eagle s minimum°essential medium for suspension cultures contain—.

ing spinner salts and glutamine (catalogue number F- 14) and Eagle s

basal medium (BME dibloid) with Eaﬁie s salt§ and glutamine (catalogue';,

v

number G 13) were: obtained 1n_powder form from the Grand Esland

Biological Com\any, Grand Island New York The media- were dissolVed

E)

in- distilled deionized ‘water and sodium bicarbonate was added to a

‘final concentration of 0,124 before'filtration.‘- - S ‘;"

e : Y )
' Before use these media were’ supplemented with: % T

(l) “Horse serum (Flow Laboratorles, Rockville, Md Yy “toea flnal

I3

- concentration of 5% for growth of cells or l%~for‘prqduction

of_Virus, . ‘ o .
2) ’Penicillin‘G (Glaxco—Allenburys Ltd., Toronto,_Ohtl)'and&.
’ o R
streptomycin sulfate (Sigma Chemical Co St. Lbuis, Mo})
o ea

. to final. ooncentrations of 100 IU and 50 ug/ml respectively

Amino acid deficient medium

P This medium was similar in composition to Eagle N basal, medlum
(diploid) except that it contained twice the normal amount of calcium

o o .

# chloride (i e. 400 mg/l) and ‘no amino acids otﬂer than glutapine

3 Sodium~bicarbonate Gfinalﬁconc. =.0;Q6%)“was added before filtration,ﬁ.f

»o



. a . e . ! - o

o

“after“whichAthe‘sterile medium was supplemented with_l% horse?sefumﬁand

.. antibibtics as described above.

v

Agar overlay‘wv - - - RN

nDetroit, Mich;)‘at ASOC.

e . ' Lo . _ .
Virus diluent I S :

The phosphate—buffered saline (PBS) of Dulbecco and Vogt (195&) was

) supplemented with O 2% bovine serum albumin, fraction v (Gallard—.

chlesinger Chemlcal Manufacturing Corp Carle Place N Y. ), 0. OOZ/

phenol red (J .T. Baker Chemical Co., Phillipsburg; N J ) and twice the

usual concentrationoof antibiotics s

,calf serum.

Overlay diluent S “‘.?L

This solution contained three times the ndrmal concentration of :

<

Hanks salts, six times normal concentrations of” both Basal Eagle s
amino acids (Baltimore Biological Laboratory, Division of Becton
Dickinson and Company, Cockeysville Md ) and MEM vitamin solution

(Gibco), five times the usual concentrations of penicillin and strepto—

mycin, 0.78%" sodium bicarbonate and 30/ inactivated (56 C for 45 min)

K

By

i Prepared by mixing l volume of overlay diluent with two volumes of

a- l 67 distiiled water solution of Noble agar (Difco Laboratories,

Cultured L. Cells

'
LA

r. Earke s L—929 strain o} mouse fibroblasts (SanTord et al 1948)

»

were used for the propagation and assay of Mengo virus. They were

obtained originally from the American Type Culture Collection,

AN o

Rockville Md. T e e T s *,“'*',,:

Cq R R
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Growth of cells - K o S R c o ;'?' '7 . ST

L. cells wére maintained in monolayer culture in . l litre Blake

bottles (Kimble Products, Owens—Illinois Co.," Toledo,uOhio) When thev

cultures had reached confluence the/growth medium was removed and the‘l

o

monolayers rinsed with a solution of 0 25/ trYp51n (Difco) in a buffer T

a

containing 10 mM phosphate pH.7 4, 142 8 mM sodium chloride and 2. 8 mM .

potassium chloride and incubated -at 37° until the cells began to. stream PRES

. off the glass (l to 2 min) Cells from several bottles were resuSpended

’ in BME-S% H S.'and used to maintain the Blake bottle stock while the-il

remaining cells were resuspended in spinner medium and transferred to

‘ 1— or- 2 litre spinner flasks (BellooBiological Glassware, Vineland

pR -

T N J. ) at a concentration of 2 x 105 cells/ml The cells were kept in :g -

suspension by means of a magne;ie stirring device while growing at

©37° C;.- '

The 1arge—, mediumb and small—plaque variants of Mengo encephalo—~l

myelitis virus; originally isolated by Ellem and Colter (1961), were 'f

,used‘throughout‘these studies.

Virus Growth in Roller Bottles "p L --?.- o S “'f. ,_:“ el

) Confluent L cell monolayers were grown in large cylindrical

bottles (490 mm, X 110 mm diameter - Bellco Biological sware) coated

with fetal calf serum (Fléw Laboratories) prior to seeding to facilitate'

the attachment of cells._ The L cells ‘were harvested from spinner
culture,_resuspended in fresh growth medium at a: density of about 106
cells/ml and dispensed in. 150 ml aliquots to the coated roller bottles

The bottles were. rotated on a Bellco roller apparatus at 0 2 rpm for



. “‘“\ . - . . .:. N .

3 hr éfter which the speed was increased to 1 rpm Monolayers reached

nconfluence after about 48 hr “of growth at 37°C. The growth medidmf
(containing 5? horse serum) was’ then replaced by 20- ml of growth medium

° K Y

(with l% horse serum) which contained the virus inoculum (about 108 pfu/

JomX corresponding to a multiplicity of about 10) .The bottles wvere then

2

rotated at ‘0.2 rpm for 3 hr and at l rpm for an additional 20 to 24 hr
_At the end of this time most of the cells had lysed, any remaining cells

were dislodged from the glass by shaking.

Virus Purification

.6

purification a“modification of that

.The procedure used for vir

developed by Scraba g; al (19' ), has been described by Ziola and

Scraba (1975) IR x"‘ | o [ ]

Lysates of infected L. cells were pooled and centrifuged at 1, OOOg

-

for 15 min. The pellet was resuspended in a- small volume of distilled

rwater, frozen and thawed three times to release trapped virus and
: / o "

recentrifuged. The combinéd supernatants were. chilled in ice, after

¢ . e

‘ hich the virus was precipitated by the addition of cold (- 15°)~methanol
to a final concentration of 20% and allowing the solution to stand
overnight at —15°C. The precipitate was collected by centrifugation at

© 5000g - for 30 min, suspended in O. 2 M sodium phosphate buffer pH 7.8,

'and homogenized by hand in a Potter—Elvehjem tissue—homogenizer (Arthur‘*ﬁ*

H. Thomas Co., Philadelphiaﬂ Pa ) to disrupt large aggregates 'A;

0

: solution of a—chymotrypsin £3x recrystallized—Worthington Biochemicals,
Freehold N J. ). was added to give a final enzyme concentration of 0 8
E mg/ml and- the mixture incubated for 20 min at: 37 with stirring.u Anv
equal volume.of 0.2M" sodium pyrophosphate, pH 8 0, was added and »

pe

39. . ’
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incubation continued for an additional 20 min. The mixture was. then .

o

chilled and dlarified by centrifugation at 20 OOOg for 10 min. Virus

- was pelleted from the ‘upernatant by centrifugation at 120 OOOg for

»

' 60 min, and- resuspended by homogenization in”’ a small volume of 0 M o

)
sodium phosphate buffer, pH 7. 4 '

°

The partially purified virus was sedimented through a discontiduous
gradient made of. equal (13 nl) volumes of 15% and 304 sucrose by centriv
fugation for 20 hr at 20,000 rpm in a’ Spinco SW27 rotor. The pellet was
again resuspended by homogenization in 0 M sodium phosphate, pH 7 4

nd mixed with an aqueous solution of Cs QO to a final density of 1. 31
g/cc After centrifugation for 20 hr at 40‘000 rpm in a Spinco SWSO 1
xotor, the virus, which appeared as a white band near the middle of the
gradient was collected through the side of the tube with a syringe

Salt was - removed by passage through a 3 cm2 X" 20 cm column of Sephadex

G25 and the virus was stored at 4°¢ in 0 M sodium phosphate buffer,

: pH 7.4. T ,'

Preparation of Radioactivity Labelled Virus

Confluent monalayers of L. cells in roller ‘bottles were infected

with Mengo virus in the amino acid deficient medium described Ninety

minutes to 2 hr4.£ter infection, 3h- or'14C labelled amino _acid

: mixtures (New England Nuclear,»Montreal Que.r catalogue numbers NETeZSO

and NEC-445 respectively. Both mixtures contain defined amounts of 15

. highly purified amino acids.) were. added to giVe final concentrations of

o

2 uCi/ml or 0 2 uCi/ml respectively Subsequent procedures,pere

identical to those already descxibed.

31
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Plague assay of infeCtious virus

’ The procedure has been described by Campbell and Colter, 1965. -

‘ Mono Ayers ‘of L, cells on 60 x 15 mm.

e

plastic petri dishes (Falcon

Plastics, Oxnard Ca, ) were prepared by harvesting cells from Spinner

) culture, reauspending at a density of 5 x

.was reached after incubation for 2& hr at

_of 5% €0, in air. b

105 cells/ml in fresh growth

:jmedium, and adding 5 ml of this suspension to eath plate : Confluence

37° in a humidified atmosphere

¢

»

_ Theanedium was aspirated and each plate innoculated with 0.1 ml

'oi appropriate dilutions of virus in viru

for.1 hr at 37° C to allow virus to- attach

ra

AyS ml of agar'overlay

s diluent. After incubation

, each plate was,overlaid with

{

©

Plaques were visible after incubation at 37° for an,additional

48 hr. In order to facilibate counting,

g this time by addition of 3 ml of agar ove

. red (Fisoher Scientific, Fair Lawn, N.J.).

B

the plates yere stained at

rlay containing 0.0lZ,neutral

1
- -
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CHAPTER II1: BIOSYNTHESIS OF MENGOVIRUS-SPECIFIC POLYPEPTIDES
o - . o ' c P - . 7

v

At the time tha
qualitative way that .

during the; replicati

©°

Introduction

t this work was undertaken, it had been shqwn in a
the stable, virus—specific polypeptldes synthesized

on of the enteroviruses polio (Jacobson and

Baltimbre, 19683, Summers and Maizel l968 Maizel-and Summers, 1968

Holland Kiehn, 1968)

and coxsackie (Kiehn and Holland, l970), and of

the cardioviruses Mengo (Kiehn and. Holland 1970) and EMC (Butterworth

et al, 1971) are pro
lprecursor-polypeptid
_proposed.a»cleavage
polypeptides
The results. of
) that the yirus—speci
infected L. cells ar
. cleavage of large pr
the primary -and of t
‘pattern of post- .tran
that proposed for th
~and to those‘subsequ
'>>1973)Aand'rhinovirus
;suggest that the syn

: subject ‘to some kind

o

duced by post—translational cleavage of large ‘ -

es.. In addition Butterworth-et al (1971) had

scheme for the formation of EMC virus- speciflq

experiments.described in this chapter (1) confirm -
fic polypeptides synthesized in Mengo virus-

e. produced by ra process of post translational
ecursor molecules, (ii) establish the gene order . of
he’stable viral gene products, (iii) show that the
slational cleavages involved is very similar. -

e production of EMC virus—specific polypeptides'?
ently described for the poliovirus (Butterworth

1A (McLean and Rueckert, l973) systems and (iv)
thesis of Mengo virus specific polypeptides is_

of translational control

33,
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Materials and Methods

Cells and virus .
Cells of_Earle's-L—929hstrain of mouse fibroblasts were érbwn in 7
* suspension culture in‘calcium—free Eagle's minimum,essential medium

(Gibco)'supplemented with 5% horse serum. Confluent monolayer cultures

were-prepared by dispensing aliquots of 2.5 x 106 cells in 5 ml.Eagle's

. basal minimum essential medium containing 5% horse serum (BME + 5% HS)

into 60 mm x 15 mm plastic petri dishes (Falcon) 24 hr before use

The three plaque variants (L, M and S) of Mengo virus used in

\these studies were those isolated originally bf Ellem and Colter (1961)

-

© Virus was purified as described in Chapter‘Il.

o

Infection of monolayers and preparation of cell lysates

Confluent monolayers (approximately 5 % 106 cells)‘were infected at
an estimated multiplicity of 100 pfu/cell with Mengo’ virus suspended in .
0.2 ml of virus-diluent.contsining 5 ug Actinomycin D/ml (Schwarz/Mann
Biochemicels, Orangeburg,’NrY.), Atter incubation for 1 hr at 37? to

permit attachment of the virus, the monolayers were washed once with

warm (37’) BME + 5% HS, and then incubated in 5 ml of the same meqi\

B

containing 5 ug.actinomycin D/ml (C—medium). At 5 hr post—infection, “;l//»
the C—medium was replaced by 5 ml of amino acid-deficient Eagle s

medium contaigghg 1% horse serum, 5 ug actinomycin D/ml, and 15 mM

N—2 hydrOxyethylpiperazine - N' Z—ethanesulfonic acid (HEPES Sigmal

pH 7. 0 (D—medium), and incubation was continued for one hour in order

to deplete the intracellular amino acid pools. At 6 hr postdinfection,

.

' cells were pulse labelled for 15 min by removing ‘the D—medium and

adding 2. ml of warm (37 ) D—medium'containing 50 uCi/ml 3H-amino acids

v
s



(New England,Nuclear, NET-250). 1In those experiments in which.labelling

was followed by chase period “the monolayers - after removal of the

: radioactive medium - were washed once: with and then incubated for the
desired-length of time in C-medium.

; Infection and labelling 1in the presence of amino ‘acid analogues
was carried out as described above with two modifications Ten minutes’
'before the additu?n -0of the radioactive amino acids, the D—medium was_“

replaced by 2 ml of warm (37°) D-medium containing 3.1 mM pffluorophen-

ylalanine_(Sigma);'3.6 mg canavanine (Nutritio\ l Biochemicals), 8. 0 mM
azetidine-Z—carboxvlic ‘scid (Aldrich Chemical Co.; Milwaukee, Wis.) and
2 2 oM ethionine (Sigma).  Cells were then labelled for 30 min (6. O to

Py

6. 5 hr post-infection) by incubation in the same medium supplemented
with 3H-amino acids (50 uCi/ml) o

- In all cases, lysates were _prepared by removing the medium, wash—
Ving the monolayers three times with 3 ml volumes of cold PBS and‘adding
'_,0.2 ml of "lysis mixEUre : 0.01 M- sodium pEOSphate buffer, pH 7:2,
B containing 2% sodium dodecyl sulfate (Matheson Colemanvand Bell ,
»Norwood Ohio), sz B—mercaptoethanol (Baker) and 10 3 M phenylmethyl—v
sulfonylfluoride,(PMSF, Sigma). Lysates were stored at -20° untiE:"-

analvzed.
,f__\g\\

Antiserum against the capsid polypeptides of Mengovirus (M-variant)

7

,was_produced in rabbits using heat—disrupted virions as antigen. - One mg

Immune Precipitation of Mengo—Specific Polypeptides:

of viral protein was injected intravenously followed 14 days later' by an_

, intramuscular injection ‘of the same amount of protein suspended in. 'f""

. Freund s adjuvant., Twenty—one days after the intramuscular injection,'



R
theaanimals received a second intravenous injection Blood was
.collected one week after the last injection, and the Y- globulin

fracgion wvas Separated from the serum by precipitation with ammonium .
[ . P

'sulfate (Schwarz—Mann)

Lysates for immune precipitation were prepared by adding 0.5 ml

+ -

PBS containing 0 5% Nonidet P 40 (NP 40, Shell Oil of Canada) to the
washed monolayers,/ Afterxr removal of nuclei by & brief centrifugation
(10 mih, 1000g) 3 to_25'u1 aliquots of the solution of immune Y- globulin
_ were. ‘added to the clarified lysates. The~mixtures were incubated for .
"30 min at 37°C at which kime equal volumes of goat anti—rabbit-y—

. globulin (Miles Laboratories, Kankakee, Ill ) were added and incubation'

continued for an additional 2 hr . . :f . - e \

e

The immune precipitates were collected by’ centrifugationf\washed

twice with EBS containing 0. 5% NP.40,: then dissolved in 100 ul volumes

ﬁlyais mixture (see preceding section) and stored at —20°C until g
“analyeed. The supernatants from the immune precipitation were also
: stored at -20° They were dialyzed for several hours against 2% SDS—
5% 8 mercaptoethanol ; 0 01 M sodjium phosphate (pH 7.4) before being

“ analyzed by SDS—polyacrylamide gel electrophoresis

f
i

vVirusggrowth

-

-:A. In order to verify that virus replication had proceeded.nprmally;‘p.
'single cycle growth was examined in: each experiment Replicate plates"
were.infected and manipulated in the manner described above except that,
'they were not pulse labelled. At hourly intervals,bfrom 4 to 8 "hr post-'l
infection,,cells were collected from duplicate plates, disrupted by

-_sonic vibration, and the amount of infectious virus in each clarified
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"

-'described by Weber and Osborn (1969),d%n 0:1 M sodfﬂm phosphate

-

(pH 7.2) - 0 lz SbS from a stock SOQutLon of 30% acrflamide - D 8%
bisacrylamide {Eastman Orgaﬁéc Chemicals, Rocheste& N Y 5N both

‘ recrystallized by the -method os Loening (1967) .. Polymerizacion, id ‘»}&;?'

' o PRI
"6 mm . (insiag diameter) x- 25 cm glass tgbes that had been acid washed h' -
and coated with aichlorodimethylsilane (Fluka, Switzerland) was |

ra

catalyzed by ammonium persulfate (50 mg/ml Malligckrodt Chemical Workgk'

[

"Q . Louis, Mo.) ‘and_ 0. 06% N,N;N __—tetramethylethy&enediamine ot °

(ﬁastman) The gels wpr% preelegtrophoresed for at. le&st 1 hr at 8 mA/.
“ .

gel before the samples were applied ' o S e =

- 0 ‘ ¢

’ Samples (50- 120 ul) were prepared by mixing aiiquots of_:3

- cell lysates with' lltC—labelled Meng«o virionw pro&de

. ;'pr'ot'eins-‘ All sgmples con&ned Q 01 M sodium phosphate (‘pH 7.2), 02.4

-3

SDS SZ B—mercaptoethanol 10 .M PMSF 10/ glyeerol and 0 D027 bromphendl
o

a_blue (both from Fischer), ‘andwere fmmersed in boiling water for’ 3 gén :

immediately before being 1ayered onto the gels Mengo virions are:

°

<
dissociated into their component polypeptides by this treatment (Ziola
< Lo . v
'and Scraba, 1974) Electrophoresis was carried out at 4 mA/gel uftil
b -~ [ . CT . ',i‘]
each sample had entered the gel maarix, afterowhich the current~was

Y4

N

-_increased to and- held at 8 mA/gel until the b;omphenol blueahad migrated.

- “

to withln 2 cm of the end of the gel G’ Ito ‘18 . hr, dep&nding on the

_ concentration of acrylamide used) - ‘Jé : - o e

- . A © <

Gels were s:afned with coomassie brilliant blue (Sigma) to yisnal—

0

X . o JEI

o0



"2 157, 150, 90 and 40 respectively), g-gala

Cancer Treatment ﬂational Cancer Institute, N. I H.

ize the protein bands (Weber and Osborn, 1969), after which they were

: fractionated manually into l mm srﬁees u?ing a brass template.. The'

a

slices were- transferred to glass scintiilation &ﬁals, incubated over—“'

e Qﬂ Tt

night at 45° ith O 3 ml aliquots of as. 3% solution of H20 in Nes

(Amersham—Searle, Oakville, ‘Ont. ) after which ‘5 ml of toluene seintilla—..

tion fluid were added to each wvial and the radioacmivity therein was,

.

a

‘a

measured in a 1iquid¢scintillation,spectromzfer (Beckman Model LS—230).
. * . . «' . L. S . .

“Molecular weight determinations , S y
P . . - o v

The molecular weights of the virus— spec1ﬁic polypeptides were

determined frem their rates of migration in SDS- polyacrylamide gels

- s
4 N N ©

'relative to those of .standard, marker proteiﬂs according to- the method )

described by Shapiro et al (1967) The marker proteins used in these"

studies, together with (in brackets) their molecular weights in thou—

sands, were as follows: Exgcoli RNA polymerase (8, ",~c and o subunitsf

o

3
g
<.t -

'idase (130)“ E. c011

o

DNA polymerase (110), phosphorylase b (lOO),_bov1ne serum albumin (68),

ﬁ.

fumarase (49), iactic dehydrogenase (36), d—dhymotrypsinogen (ZSelks

myoglobin (17 2) .4and - lysozymex(l& 5) The pqumerase an&wthe phosphor—

ylase b were\;ifts from Drs V. Paetkau and N B. Madsen of this depart—

'was purchased fromiM an.- Research Laboratorge

Orangeburg, N.Y., &ysozﬁme from Wdrthington Biochémical Corp., and the -

remaining proteins from Sigma Chemical Company.
%

Paé;amycih was a gift from the Drug Development Branch pivision of

3

- . : J .

5 R X L = ,9—. ’ E [
RAEEN - . . L Rl 0 . : o e
A o N ’ MR ot , 3 .7

i §
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‘In the experiments de/éribed below 1nfected or mock—infected cells
were pulse labelled with a mixture of 3H-rlabelled amino acids at- 6 hr
post infection. From Fig 2 a singlefcycle gr@wth curve of Mengo virus

. 5

‘in L. cell monolayers, it may be Seen that this time corresponds ‘to. the’

-mid to late logarithmic phase of virus production

.. . . . X o - . ) . ' " ‘,‘ . ‘ . \
,‘Comparison of L—. M— and S—Mengo I . S D

©

v An early objective of these 1nvestigations was to determine whether

', any quantitative or qualitative differences existed among ‘the three o

a‘

plaque variants of Mengo virus with respect to the synthesis of virus—,;‘

o 5

' .specific polypeptides Repeated analyses were: carried out. on- lysates .

\ié;d in Tables 2 3 and 5 were pooled from experiments in whieh all

s

. 1§r cellular protein synuheeis is depressed so_ that“Ehe virus-specific

of‘L cells infected with the three variants. The lysates:were pre-

-

. pared’ either immqi@ately after a labelling period (pulse) or after a :

O

labelling period "followed by incubation in the absence of labelled amino“-

-
"_‘o. .

;acids (pulse-chase) -In neither case were any differences observed he.

electropherogréps obtained with the«mhree variants were: reproducfbly '

' identical'(datainot shown) . Having established this fact, subsequent :

studies were carried out with the ﬁ-variant, since it is somewhaefmore
_convenient to grow "and - assay than are the other two. The ﬂata summarJ

. -
a"

three variants;were employed. _: :
R - e
Nf.k . . ) » ; Wt
Synthesis of viral specific POlypgptidesh 27, o,
’ ’ ‘l v O .
Illustrative SDS—polyacrylamide gel elect@opﬁerogfﬁha are presgnted

a . L3

‘ﬂﬂ'shows the characteristic electrophoretic pattern

ohtained with lysates' mock inYected cells : By 6 hr ‘post infection,

~

- -~
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£

R



o

Sa

o @
o
B
:)
< .
£~
1
-
o’ ®
o
o
<
v
\ N
Lsd e
-3 - : 3 6‘\'
) ]
o
. =
.
= 1
¢ o

.

o Lo
vy .
9 5

“

o -

>

u

6.

o

{

_ Figure 2._ESiﬁgle>cycle gro&;h_éurvé.df Mengo !
Output is expressed as pfu/60 x 15mm Pp

0t

yi:ué in Llcell monolay

etri.dish (i.e./=5 x 106 cells).

& s
. a

‘o

ers.

q




. . [ . . .
e L & . o :
. . © , - #
. . : - F
L - . . .
g e, « o > . .
. A . - | . ” . . . ~
e, - ’ . ® ) - S\
. . .l ) ‘ :
° - \v,"’ : -7
N
T - . © "
T < T o o a-, -
. ) R
S ’ ) ‘. 0.
. -
- . o o «
R LSl ,
.- . 2
" . . 4
’ . ' .3
. t “ ;
- L o
. . et .
. N . ) é . a . o
. s [>] N - & -
. , g .
. . , ° o
S o
. u P
. ) . ° [
. - o
- .
’ CoE : ! s
AN . 3
. . . ]
. . - “
- A L e A
. s . . o R
i [ % °
) - - ) -
’ . - 2y &
: Q ; .
. n 2
AN . £,
' v
N 2.
o, iﬂa& %
v L a- -
- - v
o . . .
. ’ " © ) 20 g T - )
° % - - ° : DISTANCE MIGRATED {mm) A . . : 3’ -
N . N Q '. . . O_ P ’
o .
o
° s L4
o o N G .
o - '
o .4 o
i 2
) o N
. :
9.1 )
Es L
]
- 2 -4
‘=
- By
- B Y
P-4
g .
BN
: 1
) © 20 - .o
o " DISTANCE “MIGRAYED (mm) . -
a . ]
o 'y
: o R i

_Figure 3. Profiles obtained from, electrophoresis _of ‘lysates of L.cells’
“in SDS-7.5% polyacrylamide gels. Purified 14C—amino acid labelled
"Mengo virions were added to .all samples. prior to electrophoresis and the
positions of the .structural polypeptides derived therefrom are shown by
the closed circles. "All samples were pulse-labelled with 3H-amino acids
for 15 min at 6 hr p.i. Panel A: Mock-infected. cells., Panel B: Merigo
virus-infected ‘ceélls. Panel C: Mengo virus- infected cells, incubated in
wthe absence of labelled amino acids for 105 min after the. pulse.
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polypeptides may be, readily identified This is'clearlfrom panel B,
r'which is an electropherogram obtained from a lysate of infected cells_

prepared immediately after a 15 min labelling period, and in which 12'”

BN v

’virus-specific polypeptides are resolved (the structural polypeptides“
»B and & are not present in significant amounts after a 15 min pulse

'label) " The electrophoretic pattern obtained with a lysate of cells,

P

pulse labelled for 15 min’ at 6 hr post infection and then incubated S

~

for -an additional lOS min-in ‘the absence of labelled amino acids, is

.

shown in pauel C. -The disappearance of radioactivity from the large h

precursor polypeptides A B C, s ard the- concomitant increase of

.radioactivity in 10 polypeptides of lower molecular weight (which with
- a v .

the exception of polypeptide s,_are stable end—products) makes it clear

that with Mengo, as with all other picornaviruses studied the capsid

*

and non—capsiﬁ virus proteins are produced by proteolytic cleavage of Ll,

° .

one or more large precursor proteins All unlettered peaks in Figs =

3B and 3C are believed to result from residual host protein synthesis,

2

b since they correspond to peaks present in electropherograms of lysates

of mock—infected cells, and appear to be. Stable during a: chase period

*

of lOS'min.

The'molecular'weights of the 14 virusespecific-polypeptides
‘,Iidentified in ‘Fig. 3 were determined on the basis of their electrophor-‘
5’ . .

etic mobilid&es (in SDS-7.5% polyacrylamide gels) relative to those of
marker. proteins of known molecular weights (Shapiro et al 1967) 'A“
'representative standard curve showing the relative positions -of the

- viral polypeptides is presented in Fig. 4 Theemolecular weights of
"-those polypeptides larger than 70, 000 were verified ag 57 acrylamide

' gels such as those shown in Fig ll. The.nomenclature used is that_

,O -
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employed:hy Butterworth'gt al (1971) in their studies with EMC'virus.,

v:»The results are summarized in Table 2, |which also indicates the kinetic

. P \‘
' behavior of each polypeptide._ It should be pointed out" that although

polypeptide € is classified here as an unstable precursor protein; it
'does occur in Mengo virus to the extent of 1-2 molecules/virion (Ziola
"and Scraba, 1974) Polypeptide D2 which has been shown to have a
'-molecular weight of 57,700 and like €, to be present to the extent of
1-2 molecules in every mature Mengo virion (Ziola and Scraba, 1974) is
Qnot 1£sted here ‘since it is not resolved from non—capsid protein E

(MW = 57 +300) in these gels The molecular Veight of the'capsid‘poly—'
\peptide-ﬁ determined by this method is toe high: 2Based uponiamino acid
rconposition analysis of the purified‘protein Ziola and Scraba‘(l975) o
have ohtained a.molecular weight'of 7,350 for polypeptide S.

%

‘Pactamycin mappingﬁof the Mengo virus genome

+

The sequence in which Mengo specific polypeptides are. synthesized:

"4

was determined from experiments in which the antibiotic pactamycin was:

used to block initiation of translation (MacDonald and Goldberg, 1970‘

~Taber et al, 1971; Summers and; Maizel,_197l). thibiting the initiation'” .

iof translation of a monocistronicimRNA without affecting the elongation
process results-in a gradual~loss.of ribosomes from the message begin;
‘ning with the region closest to the initiation site, the 5' end, and
hprogressing toward the 3' terminus. As a result when pactamycin and

radioactive amino acids are given simultaneousiy, lower amounts of

radioactivity are incorporated into the NH —terminal portions of the

2

'polypepbides as comparéh to_incorporation under steady state conditionsl
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- TABLE 27

Molecular Weights and Klnetic Behavior of
Mengo Virus Specific Polypeptides

o

. » . Molecular T S ‘Kineﬁic
‘.-Eelypepﬁide :.' ,‘. Weightlr‘j A . o Behaviofz
A 114.0 + 4.0 u :
"B - 95.8°% 1.1 u
c 879 + 2.6 u
D 76.6. % 1.9 a
B 57.3 £ 1.9 s
€ 39.0 + 0.3, u
F 138.0 % 0.5 s
a .32.5 +.0.3 ‘s
[ Y. 29,5 % 0.4 s
y ' 23.7 £ 0:2 s
G 16.4 % 0.7 s
H 14.1 + 1.1 s,
1 12.6 % 0.6 . s
5 '10.6 * 0.4 ° s

-

Calculated from data obtained from 5 independent experiments, in each
of which lysates from cells that had been pulse—labelled (15 min), as

‘well as from cells that - had been pulse—labelled (15 min) ‘and then

 chased (105 min), were analyzed. Values are in thousands

2

8 = stable.(no loss of c0untsvdufing chase neriod); u = unstable.
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wNen‘re—initiationTCan'occur and“theidistributiOn of-ribosone% alonga
vthe Message is uniform. lf as iS‘currently believed, all picornaviral
apolypeptides are cleaved from a. single precursor (Jacobson et al, 1970;
- Baltimore, l97l Kiehn and Holland 1970), the synthesis of radioactive
"polypeptides will be inhibited in a linear fashion when initiation is
‘blocked. Thus, when the action of pactamycln and the incorporation of

. radioactive amino acids begins simultaneously, the value of the pacta-
A}mycintcontrol ratio (the amount of‘radioactivity'incorporated into a
:polypeptide during the runoff period relative to the amount of radio-
activity incorporated into the same polypeptide under normal steady—‘
“state conditions) is proportional to the distance of the gene locus for
that polypeptide from the initiation site ; The polypeptide synthesized

from the:S'oend of the messageuwould,have the lowest pactamycin.control
ratio; | ) » |
Any delay in the.additionrof labelled.amino'acids'ﬁill decrease
thé"resolution‘at the/S; end as all.pactamycin;control ratiQs.will-be
very low. If theldelay is shorter than the time required to cohplete
P o -

synthesis, however, it will increase mapping resolution tbward»the 5'

»It'should.be mentioned°that obtaining a linear map by‘the technique
“provides“further evfdence for the existence of a single initiation site
EE,Xilgdg The presence of a second locus for initiationywouldbrgsult in
aentensivé‘napping anbiguity. h
. Exposure, of Mengo virus—infected L. cells to‘S X '10;7 M pactamycin

results in immediate inhibition of initiation of protein synthesis The

data presented in Fig. 5 show that the rate of incorporation of radio—

" active amino acids declines throughout a .runoff period of 10 to 12 min

46
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Figure 5. Inhibition of virus-specific protein synthesis by pactamycin.

L.cells, grown to confluence on glass cover slips (10.5 x 22mm) were
infected with Mengovirus at an estimated moi of 100. At 6 hr p.di. the
cells were labelled by the addition of amino acid deficlent medium con-

’ -_taining 10 pCi/ml 3H-amino acids with or without pactamycin.. Duplicate

cover slips were removed. at the indicated times after addition of label
and immersed in chilled 10% TCA for 10 min, then washed sequentially
with 5% TCA and 95% ethanol. After air drying the cover slips were
immersed in toluene scintillation fluid and the’ radioactivity in each
sample determined in a Beckman Liquid Scintillation Spectrometer

47
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‘after administration of the drug, after which time noufurther.synthesis
takes places; Therefore, 5 x lb—7 M pactamycin was used to determine the
;order of synthesia of-Mengo specific polypeptides.

The results—are summarized in Fig. 6, wﬁich shows the.apparent gégg;”
order of the primary produﬁts (uppet section) and of che stable products
"(lower.section) " The amouﬁ% of radioactivity in eaqh viral polypeptide
.in‘extraCta of‘pactamycin-treated cells was_expressed as a fraction of
tﬂé tota1~;adioactivity recovered from_all viral,polypeptidea, and
divided b;'tﬁehcorreaponding figurevootaiped from SDS-polyacrylamide gel
. analjsiS’of.control (absence’of‘pactamycin) extracts to glve the‘values”
". shown in the figure; The data are strikingly similar to those reportedd
previously by Butter;orth aad-Rueckert (1972a)_for EMCrvirus—specificv
proteins; the only differenceabeing the inversion of the positiopa of
polypeptides H and I. | |

-~ The data obtained from.the pactamycin etudies, conaidered.together'
'withvthe virtual identity‘— with reapect to ooth mblecular“;eights and
kinetic behaviorwi of the viral polypeptides of'tae EMC and Mengo virus
‘sydtems, suggest strongly that the stable Mengo- specific polypeptides
are, produced by a pattern of poat translational cleavages very similar
to that proposed by Butterworth and Rueckert (l972a) for .EMC virus
"proteina. The scheme consistentvwith:the data presented heré is shown
in Fig. 7. I 5

To_summarize,'there are three.large‘primary polypeptidesi(desig-
nated A, F, and C) as we as two smaller, stable, non- capaid polypep-
tides (G and H) resulti g from cleavages of the presumed nascent

polyprotein . Product C, correapdnding to the'3' region of the viral

o RNAf undergoes further proteolytic cleavages to produce the stable,
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Pactomycin
6 min delay
15min. pulse
Pactamycin
ISmin pulse-

» 108min. chase.
L3
Figu
the p

figure are

’m’ e ;
’ 3 .
L‘ - ‘A‘ e G 4 I_: .F 'l‘ c — |
o o.2r - 057, 1.27 i
‘ i H 0
g —t '
0.87 190

E ) 4
260 )

L € O y 4 a s G 3 A F " 3 ! : i E A‘J\
" 060 066  -.OI 106 18 12 152 - .

.

5

Gene sequence of Mengb virus polypeptides as determined by .
ycin mapping technique,
pactamycin:control ratios, calculated as outlined.in- the
text. Pactamycin was used at a concentration of 5'x 107/ M. o

The numerical values shown in the

+¥
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" Molar ratios of'viral“polypeptides

o o '(l". é o .

2 f u e Y
B l “ * ‘ N ’ " ‘.‘
non—capsid polypeptides E (MW = 57,300) © and I (MW = l2;60qg. SR Y
Prodyct &, which corresponds Qo ‘the 5' .region of the viral o
: R 7
' “RNA, is the precursor of the capsid polypept%ées . P $
) A T . . ) R - * »

lg | -

T 1f, ‘a8 is currently believed the entire picornavirus genome is

o

translated intg a single ' polyprotein" (Jacobson et al, 1970; Baltimore,

‘1971' Kiehn and Holland 1970) which is cleaved to form thé readily

detectable primary proteins (i e. proteins A,DF C), these proteins
should be present in infected cells in equimolar amounts, as should the
stable end-products derived from them by furthef proteolytic cleavages

AlthOugh, on.the basis of published data, this seems clearly to be true

_of ‘EMC virus- spefﬁ&ic polypeptides (Butterworth et al 1971 Butterworth,

'1973) it does n&:_e’pear ‘to be the case with Mengo virus. gIn Table 3

. e © . ﬁi
are summariz* ;esults of 8 separate experiments in wgh the amount
b o B 1

of each virus-specific polypeptide was quantitated both in samples

prepared from cells that had been pulsedlabelled for 15 min and then
harvested immediately, and from cells that ‘had been pulse- 1abelled for

15 min'and then incubated in "cold" medium for an additional 105 min.
a g * ¥ )
In both cases, the data indicate that during the’pulSe—labelling°period

° .

' (6:00 to 6:15 hr post-infection), approximately twice as much capsad as

non—capsid protein is synthesized.

H

The number of cpm in each polypeptide was ‘measured,; and expressed

~nas a percent of the total épm present, in all v1rus—specific polypeptides <:f

L}
‘These values were then divided by the molecular weights ‘of the poly-
'

peptides to give molar: ratios, which were normalized relative to the

value for polypeptide F, the largest stable product of the primary
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TABLE 3 i ' ) .
Rofulivv,MuI;tukutlBs<§f Mcigo VirusfSQtriﬁL? Polypeptldes
- . ‘ ‘ - ‘- 3 : ° )— @
v o "] Mole-- " . “Fractipn of total ‘ .
A J cular | . wlral cpm® Molar ratio
. Poly- } weight [ - - . after , .after
- peptide ’X'10-3 vafter,pulse pulse chase | after pulse’ pulse-chase
; f' A - | 114.0 |0.219(0.039) | . - 0i97 -
| i B . | 95:8 |o0.090(0.014) | - 0:48 - | -
. c | 87.9.|0.066(0,010) - 0.38 - -
D | 76.6 }0.118(0.011) T 0.78 | =
A + ol B _ T
E 57.3* | 0.099(0.008) | 0:060(0.012) 0.88 0.86
e " 40.0 | 0.068(0.015) | 0.120(0.023)- . 0.86 - 0.92°
F . | 38.0 |0.075(0.015) | 02124(0.007) ..1.00 1.00
a 32.5 | 0.081(0.016) | 0.179(Q.014) '1.26 L 1.69
g2 20:5 |- - lo.12¢0.029) ] . - 1.16 .
v .| 23.7 ] 0.059(0.011)'| 0.157(0.019) 1.26 2,037
G | 16.4 | 0.068(0.022) }0.097(8.006) | - 2f10 ; 1.81
. 14.1 | 0.030(0.007) | 0.024(0.003) | * 1.08. . 0.51
I+ | 12.6 | 0.030(0.007) | 0.040(0.013) | - 1,21 0.97
§2 1006 |- - * | 0.027¢0.006) =7 . 0.78
‘A(total)?e . l.> oo Sl ea 258 % | 1.93
otal) e S P 4 I 3
F o o | ¢ ol 1lo00 1.60
c(eetan)*| | T IR 2:04 ., 0.86
- -2 : — — —
Calculated from data obta{ned from 8 experlments Standardtdeviagions
" are shown. in parentheses. s AR 'f-, C
) . L ot

2Polypeptides 8 and § are not present 1n lysates prepared 1mmed1ately

follow1ng a 15 min pulse
»

3The total amount of proteln A synthesized was calculated from A(total)—
A+B+(Eigil) after a 15 min pulse, and. from A(total) ;_S&iﬁ%ﬂiﬁ[

after a pulse followed by a chase ‘3,
l‘The total ‘amount of. proteln C synthe81zed was calculated Erom C(total)~‘

- C+D+E i after a 15 min pulse.’ After a pulse followed by a‘ chase,: the
molar ratlo of C was considgred to be equal to,the molar- ratio of E.

'xs .
-
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Ce

cleavage. The total‘amounts Of proteins A and .C synthesized duting'a R

A

15 min pulse were calculated —~.as indicated in the footnote to Tablc 3 -

]

by sumang the amounts 'of these pro*ﬁins and the amounts of the1r cleav—

age products. In the case of analyses of lysates‘of cells that had been

incubated for 105 nin in the absence of labelled amino ac1ds ‘after a 156"

min-pulse;_the'amounts of A and C synthe31zed were ‘calculated from the

’amounts of thefstable end-products derivedtffom them;

As may be seen from thé data in Table 3, the molar ratio ofhprotein

:A:proteinbf after; a lS_min'pulse'was*founduto be_about'Z.S,”and to. be *-

‘ approximately 2 in lysates of cells after a 15 min pulse and‘a 105 min -

‘o

B : o L . s : .
chaSe. With respect t0'the‘molar ratio of protein C:protein F, the

Magye based on anaIyses of - lysate. made immediately‘after a 15 min
& o :
%
pulse is subject to con51derable uncertainty by virtue of the' co-
3 3
migra? .6n of polypeptides E and D2 (the 1mmed1ate precursor éf structural
v

-

’fc

- s
e .

polypeptides @ and y) P /,, e

The presence of D2 in,the E peak has been verified'by.immune prex'
. o

' cipitation of infected cell lysates with Y- globulins from antiserum

s T

against virus capsid polypept%des Electropherograms of ‘the supernatant

‘and the immune precipitate oqtained in»one such experiment are’ shown in

Lo t

Rig. 8, from which it may be’seen that immune precipitation removed a

significant-ptoportion of the radioactivity from peak E (as well'as

. from other peaks cotreSpOnding to capsid polypeptides and their

‘precursors) without reducihg the amount of radioactivity in. peaks

cOrresponding to other non—structural*polypeptides., However, attempts'

“to obtain a. Erecise estimate of the relative amounts of polypeptides D2

£

and E present in this peak by this method were. unsuccessfui Valuesb -

oy

obtalned from one experiment to another were variable, due,either to

N . - . SoaTe
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some real variability in the relative amounts of these two polypeptides"

)

present in different lysates or to variability in’ the e ficiency of
precipitation of D2 from one lysatﬁ to another (the precipitation of the -
capsid polypeptides - but not of capsid precursors - by immune y-

| globulin was close to quantitative) This being the’ case, no correction‘
factor -was - applied to. calculations of the molar- ratio of protein C

. protein F in lysates made immediately after a pulse; and the value of
2 04 cited in Table 3 is too high However, the value of the ratio
C F obmﬁined from analyses of stable polypeptides 1s reliable since no

D2~ remains in the E peak following a chase'period Kd%§a not shown)

Based on such data,'the value of ﬁhis ratio)is close to. un1ty

« . R
Polypeptide G is the only non—capsid protein whose molar amount,

relative to F, approximates that of the capsid proteins in both 51tua—
tions H, the: othex small non—capsid polypeptide produced by primary
cleavage of the polyprotein, is. found initially in molar quantities 7
essentially equal ‘to F but appears’ to be subsequently degraded » o
While the high molar ratio of G to F could be due to co—migration ;'
.of another polypeptide with G, it is unlikely that the elevated level
- _\-of capsid relative to non-capsid polypeptides can be explained on #
” similar grounds since ‘all major. capsid proteins are found in amountsh
o . - nearly double that: of polypeptide F. - o . '.-a. o e
~‘.;w ’ These results suggest that the syhthesis of Mengo virusvspecific‘i
polypeptides may be subject to some kind of control late in the replica— .
ﬁ'tive cycle of” the virus ] These considerations prompted an investigation‘
’of‘the synthesis of virus—specific polypeptides throughout the replica—

e <

". tive cycle of Mengb virus' o
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A Fig ‘9'

. Table 4. Shown here.are estimates of the amounts of capsid protein,

56

: \ S « . o I
Synthesis-of viray-polypeptides during the replicative cycle of Mcengo

/

virus ' ,

Infected L| cells were ‘pulse-labelled for 15 min at hourly inter-
£ > >. W€ _ > Nt ; .

vals from 3 to 6‘hrbp{i., and then lysed either immediately or after. a

B

"~

chase period of 105 min.t Lysates were analyzedAfor virus;specific

polypeptides by\electrophoresis in SDS- 7.5% polyacrylamide gels as -

, described earlier. Representative electropherograms are presented in

_ s Q,'
\ .
Electrophoretic profiles obtained with' lysates prepared 3 hr P. 1

were found to be essentially the same as those obtained with lysates

’ of uninfected cells, and are not shown here Between 3 and 4 hr p.i.

D . .10 .

. however, there is a,fairly abrupt shut- off of: cellular protein synthesis,

‘so that by 4 hr P i the_virus—specificupolypeptides may be-identified

_unambiguously Thereafter3 the background of cellular prdteinrsynthesis

'decreases progressively and the synthesis of virus specific polypeptides

. \
)

., '_ »’g‘ . .
predominates ; e v : o : .

-The relative molar quantities of the various polypeptides were_ .
calculated as described previously

> : BRI ' S
The essential findings arising from this study are summarized in

a

:A(toﬁal), of non—capsid protein, C(total), synthesized at various times_

:p.i: and expressed relative to the amount of polypeptide F The value'

< . S

of ‘the ratio. A(total) {F was found to increase progressively from close

t;.unity at 4 hr p i. to 2 or more‘late in the infectious cycle " The
‘same trend ‘was observed in tbe case‘of the ratio G:F. ; It should be

irecalled that the values of the ratio C(total) F calculated from _f ‘ IR
Aelectropherograms offlysates made immediately after_avls.min pulse‘are g _T§gfﬁ.

N ; R N _ ST
4 . . s : . 3,

N » v - *&&
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CUTABLE 4

V'Relative Molar Ratios of Mengo Virus-Specific Polypept1d¢s -

Molar ratio>" after pulse .given. at

5 hr p.i.

Viral - 4 hr p.i. | o 6 Hr p.i.
poiypepf »Aféef AAftér After After H After rAfter -
tide(s).: pulse '.pulse-chase| .pulse pu}se*cha§e 'pglse 'pp{Se—chaséj

o -
C EXP.1 1 .
 A(t§ca1)l 1.20. 1.28u 1.43  ﬂ 171 2.95 ' 2.50
F | 1.00 100 | 1.00 1.00 100 1.00
vc(:9£a1)2__1.o7 ©1.08 1.26 - 0.89 1.62 0.89
| Actota1)  0.63 1;08 1.15 1.25 2.10 1.86
. F 1.00 21300 1.00 ©1.00 1.00 1.00
o, SCeotal) 1.10 0.85 1629_ 0.90 1.76 1.00
T |

L. The total amount of protein A synthesized, was

Aftotal) = A + B+ [(e +' B + a + y)/3].

2.  The total amount of pfote%n.p sjntheSiied was

O

C(total) = C'+ D + E.

ch

calculated from

. o
calculated from .

‘jvaiues for A(total) ‘and C(total) are normalized with reépect to F.

. ~\'_,.
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distorted due to the presence of'significant'amounts of polypeptide,DZ

(the immediate precursor of the capsid polypeptides o and Y) in peak E.

The values for this ratio obtained from analyses of lysates made after’
a pulse followed by a chase were found to remain close to unity at all
times examined | |

" The progressive increase in -the ratio of capsid to non- capsid

protein synthesized as infection proceeds is- compatible with the pro-

o

‘posal that the translation of the Mengo virus genome may be subject to

some kind of control.
The simplest and most obvious explanation of the phenomenon des-

cribed here 1is that there is a rapid and selective degradation of non-

>

'capsid polypeptides‘late in the infectiOus cycle. This possible

explanation appears-to be ruled out by the observation that (i) the

iratio of capsid polypeptides polypeptide F (the reference non—capsid

polypeptide) after a 15 min pulse is essentially’ the same as after°a

15 min pulse followed_by a 105“min chase; and (ii) the non—capsid“

, polypeptides E and F, synthesized -during ahlS min,pulsevperiodyipersist

' in approximately equimolar and essentially undiminished amounts during”

relatively long. periods of time subsequent to ‘the pulse. Lucas- Lenard
(1974) ‘has also, presented kinetic evidence indicating that polypeptide.
F is stable. It seems more’ likely from these observations that more
capsid than non—capsid protein is synthesized

_In view of the strong evidence that picornaviral genomes contain

a single site for the initiation of translation, the most likely model

to explain the asymmetric translation of the - viral RNA is one in whichv

. some viral specified factor acts as a specific termination factor

capable of causing premature termination of transla?&on at a site
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. . : s o :
located near the midpoint of the viral RNA. . )

Effect -of amino acid analogges on sxntheais of viral proteins

Jacobson et al (1970l have shown that the presence of the amino
' acid analogues Effluorophenylalanine, ethionine, canavanine (an arginine
analogue) and azetidinefZ-carboxylic acld (a proline-analoéﬂe) blocks the
.cleavage of high.molecular weight;oolypeptides synthesifed during the
- . -'replication of poliovirus in HeLa cells, and thus permits the detection
of the putative transiation product of the entire viral genome. Compar-
able experiments.|using theSe»same analogues, were carrieo out with the
Mengo virus-L. _cell system in an effort to detect precursors of virus-
specific polypeptides larger than those identlfied previously (see
Fig. 3). | Coa \‘y
' Cells were pulse-labelled for¥30 min (from:6:00 to 6:30 hr post-
infection) andilysa;es, nade immediately thereafter, were ana]yzed hy
electrophoresis in SDS-5% polyacrylamide gels ’ ‘he results~are'illus-.
"trated in Fig.,lO (panel B), from which it‘may be seen. that in -
| addition to protein A, three proteins of molecular weights greater than
. that of A and here designated as X, Y and Z, were found The molecular
Esg%J’Ah:lgg'xtsT)of these proteins, were determined from their rates of migration
in SDS- 5% polyacrylamide gels relative to- those of high molecular weight
marker proteins as shown in Fig. 1. These molecular weights are
oresented in Table Sri | | ‘
Protein Z, with a MW of about‘ZO0,000, is analogous to the.

"polyprotein", NCVP-OO, found by Jacobson et al (1970) and by,us

(see Fig;-lj, Chapter IV)hin HeLa cells infected with:poliovirus under

these conditions, ana-may represent the'product;of tranélation of the

”*1%:’—?;}'»? S
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Figure 10. Profiles obtained from electrophoresis in SD§-5% polyacryl-

. amide gels of lysates of L.cells, pulse~labelled with 3H-amino acids in-
the presence of the amino acid analogues p-fluorophenylalanine, ethio-
nine, canavanine and azetidine-2- carb xylic acid. The positions of the
polypeptides derived from purified, ‘C—amino acid labelled Mengo
viriofs are shown by the closed circles. Panel A: Mock-infected L.cells,
pulse-labelled for 30 min at 6 hr post-infection. Panel B: Mengo virus

;(MXVdriant) infected L.cells, pulse-labelled for 30 min at 6 hr post—
infection. :
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~ thesized in the presence of amino acid analogues as determined from
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. TAfLE 5
o

Molecular Weights and Molar Ratios of Mengo Virhs—Sbecific Poly-
peptides Synthesized in the Presence of Amino Acid Analogues
' . : . ‘

.\},

- ‘ - ; ) ;

cod o Molecular Fraction of, . Melar
E,Polypeptide . weightl . total vifal épm . ' ratio2

z ., 216.0 * 7.8 : Jo.112 0 ©.0.15

X . 142.5+ 6.5 ..  0.256 . ' 0.52

Y o126.8 7.6 0 0.238. - - 0.55

A . 114.0 ¢+ 4.3 0.394 : 1.00

1 x 10—3

;2 Molar ratios of polypegtides X, Y and 2 are nbrmalized.with respect

to A.
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Although the‘molecular weight of 2 is i%
& ot
atdl% wice that: O&W&'in A, 1t is unlikely that it i.s a

sw« B oy

cause neither heating the lysate (5 min, 100°) with 6 M!
‘/.o electrophoresis, nor ehectrophoresis iP the presence ot
6 M urea had any effect on the size or shape of the peak. The possibi-'
fity that Z is a cellular protein, whose synthesis is induced by virus
infection, is more difficult to rule qut, bgt on the basis of the d L

previously cited:studies of poliovirus replication, and-despite the

fact that it iavpresent in such small amounts, it seems more likelyfthat
. = - 71 -

~ 1t does correspond'to.the Mengo virus—specific polyproteln

‘It is not possible to draw any conclusions regardfhg the nature of

o

‘-polypeptides X and Y from these data.’ The molecular weight qf X

(142 500 + 6 500) corresponds, within the'limits of ekperimental error,
to the combined molecular Weights of either proteinst C and H

(140 000 4,200) or proteins A, G and H (144 500 5 800) - By the

‘same token, polypeptide Y (MW = 126 800 ¥ Z,600)*could be considered to~

ER 4

be composed of either polypeptides A and G (COmbined MW = ;303400 t>f
- L I
4, 700) or F and € (combined o= 125 9oo €3, 100«) ','
‘/
The results of immune precipitation studies (data not shown) did“
Lk e :

. not reSOlve the problem of identificatibn, in that immune Y- globulins

‘«...:

against the capsid polypeptides were found to precipitate a fraction of

B3

the radioactivity found in both peaks X, and T The amount that'was /

precipitated varied in different experimenes from 202 to SOA (which

T s, equivalent to the extent to which protein A, synthesized in either

-the presence or absence of amino acid analogues, 1is precipitated by

i}

the same immune y—globulins) Neither of the non—capsid polypeptides

P

($Y%)

9,
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)yLﬁ or C is preq}pitatedbto any extent by these Y—globulins. It seems

: R ° .
possible that there is some heterogeneity in the protein ptesent in the
two peaks, but very probable that both contain a substantial proportion

of protein containing capsid pol&peptide sequences.
Y- e ;

Effect of amino acid analogues on synthesis of viral pqlypeptides

throughout the replicatiﬁe.cycle
‘The results.df studieslaf the‘synthesis of viral-specific poly-

‘: peptldee in the absence of‘adino acid analogues showed that durlng the
replication of Mengo virus the.gendme is translated asymmetrically, and
.that the degree»ot esymmetty increases prdgressively as a function of
.bime p.i. According to thedmodel,proposed to explain these obsetVations,
the virel.genome would be translated ig»gégg earlpbin the infectious
cycle. uAs the cycle progressed, ppuevet, premature-terminatipn,ef
‘translation at a site located neet the midpoint of the viral RNA would .
ntesult iu ; progressive decrease in the’synthesis of nen;cepsid pfoteins,
the informatign for which is located towerd-tﬂe 3'_end of thevRﬁA, aud

a cprrespondihg:increase in the relative amount of capsid proteins\uhlch
are treﬁslated from the 5' end df the genome; - When Mengo viruss-infected
cells were pulse labelled in the presence of amino acid analogues, the
cell lysates were shown to<§ontain proteln Z (believed to be the product
of translatidn of the entire viral genome)‘and protein'A (the precursor
pf all four «capsid polypeptides), as well as proteins X and 'Y of |
'uncertain identitjﬁp It was reasoned that if the quel is correct, e~
progressive decrease should be seen in the ratio of polyprotein ‘Z;

: §

capsid prqtein Aéﬁ% -a function of time p 1. when cells are pulse—

labelled in the presence of amino dcid’ analogues.

5 : : S -
. T : :



This proposition WaSs tested by analyzing lysates of infected cells,
2 B

pulse labelled for 30 min in the presence of amino ‘acid analogues at

half-hourly intervals from 4 ‘to 6 hr p. i ' Illustrative electrophero—. -
j;rams are shown in Fig. 2 “Nfrom which it may be seen: that there is a -
prégressive decrease in’the amount of protein Z relative to protein/A
synthesized as a function of hr p i The phenomenon may be more clear

from the data presented in Table 6 in which the molar ratio’ of poly—"

«

protein Z (as well as’ those of proteins 'X. and Y) relative to capsid

e L. v N

precursor A at various times P- i. are listed.‘ The value bf ‘the molar
BN N r
ratio of Z A was found to decrease progressively from- 4 to 6 hr p i,,‘
B " ﬁ Lyt
and bbservation consistent with the proposed model for’ control of.
e . . a 4

-translation; No consistent changes were observed in the relative molar

~.

*ratios of polypeptides X and Y and interpretation of the data regarding o

©
2

7

f these coMponents isrdifficult since their polypeptide compOSition has -

o

S o S e .o ; -, N ';h
not~been'determined. A R T ST S A
Lo ReRSSSRSEEEEEL e TwsT 3"%
° el ni Discussion o db. B [;»; "i:‘,,
The Mengo virus genome, of molecular weight 2.44 X 106 S ,f

b

(Ziola .and Scraba, 1974) can code, theoreb%cally,rfbr a maximum of about

—

260 000~ daltons of protein, and since the ‘sun of the molecular weights

oﬁ\tbe primary transiation products (identified in this investigation)
R . "3 :
is very close to this value, it seems reasonable to assume that all*'
A

virus—specific polypeptides have been identified The pattern of post—

- “translational cleavages leading to the production of stable viral gene o

1§ ~ e . ~

products in “the M‘ngo virus sys em is very similar to. that previously

»

; described for EMC virus.v Apar

from some minor differehces in the
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" TABLE 6

o

ar Ra;lds of MéngoVirusfSpecifié Polypeptides Produced injthe

Polypepti&é weight:

)

cular

v, .
Presence of Amino Acid Analogues
] oA
Mole~ -y

Molar ratiol'.afteerul§e given at

x 1073

4hr p.i.

4.5hr p.i. Shr p.i. 5.5hr p.i. bh

N . - y;, °
o
it
i F
gy "

. Values for X, Y and

. o o . s . .
Z are normalized with respect” to A.
- ‘ S

.
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.kinetlcs of theirpinferconvcrsion. data'obtained fromtstudics of the two ‘ )
.systéms di?fer‘signfgicantly in only-th respects.vvFirst, lysateshof

_ Mengo virus- lntected cells do not appear to contaln a protein analogous
to the EMC virus specific polypeptide Dl believed to bc a precursor of
pol;peptides € and y,_and,thuS’to be an alterriate cleavage product of B

.at the level of D2 (see Figl 7). Second; tﬁe results-ot the pactamycin;v

~ studies suggest'that'the segment‘of the vffal genome that codes for

polypeptide H is, closer to the 5' epd than that which codes for poly—

Rpass
3

peptide I, and the estimate of the molecular weight of polypeptide H

makes’ it seem unlikely that it is derived* together With D, by cleavage :

‘e,

"offC. A cleavage scheme compatible @ith 4 obsg;vat ons is one in

e e

iwhich polypeptide H is formed by primary cleavage of the 1’1asc¢ian’€wi
'~‘pqtyprotein »~ and polypeptides 1 and D are produced by cleavage ofvl’(:"i ¥; ‘1w’

‘Lhe data presented here show that capsid “and non—capsid viraL) hlii.,lptliﬁ
]polypeptides are not present in equimolar amounts in infected cells late ) -:_*&
in the replicative cycle, and suggest that their synthesis may be sub-
;ject to some kind of translational control

The possibility that the elevated level of capsid polypeptides
_(relative to - non—capsid polypeptides) is due to co—migration of capaid
and,host cell polypeptides is_very unlikely;.since all major polypep-
‘tides - e(including B and 8) o and vy - are found in'amounts”nea}ly. .

o . 2R
idouble that of polypeptide F. ;Such'an‘explanation would require the

}yassumptioqp\that (i) the cell contains polypeptides of molecular o
weights identical to those of the capsid polypeptides, and (ii) the
synthesis of these. polypeptides (unlike that of other cell proteins) is -
3not shut off by virus replication. This explanation is also feﬁdered

untenable by the




_late in the replicative cycle. This progressive increase also speaks .

polypeptides increases throughout infection from unity to two or grcater

[
strongly in’favor‘of the existence of some specific control process:
. X,

Since the stability of polypeptide F argues against rapid and

selective degradation of non—capsid polypeptides in this system, it ¥
'3

_Seeis. likely that more: capsid than non—capsid protein is synthesized

-Mengo genome has two or more initiation sites for, transla@ion, as is the K

‘.case with ‘some "RNA phages (Weissman et al, 1973) aq‘bthat &gitiabion of

N 4
a - polypeptides is more efficient than that of the other segment or sé

o ments. - This seemsumlikely for several reasons Oberg and Shatkin (19 i

'translation of that segment of the genome which .codes for the capsid

. Jv
It is possible to. imagine two ways in which@control of translation

4&‘
might be exerted in this system First, one could speculate that the

l

N

-

1974) have shown ‘that in vitro Meng*s RNA possesses only one site

- 3

‘ ! 3

$or initiat%ef ofigranslation That this 1s also ‘true in vivo 1s

suggested by the\studies with pactamycin, a reasonable map could not be

.

obtainedadf translation begannat two sites on the genome= . Evidence

.

obtain&d " studies of “the poliovirus system indicates that the genome -

of this virus is translated into a giant polypeptide that .serves as a
precursor for all the virus—specific polyp%gfidgsgggoduced during .
infection (Roumiantzeff et al, 1971 Korant, 19725 Garfinkle and Tershak
1971) The studies ‘with amino acid analogues reported by Jacobson et al
(1970) and repeated by us (see Fig 17, Ghapter IV) show the ae;gmula—'

.tion oﬁ large amounts of NCVP 00 the candidate for thisvpolyproteinv“

) precursor in poliovirus—infec;ed cells The.presence o protein Z in

Mengo virua—infected cells, albeit in small quantities, lends credence
‘-,

to the_hypothesis that the biosynthesis of Mengo— and poliovirus poly-.

v W w‘.’ ¢ .
P Lo . e %
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fo o peptides procecd by siwilar, i not identical, mechanismg. -
. . . R N . B . & :

. ' b o B . B . . ) ] . .. . S -
’gi e is difflcult to picture a mechanism by which an intesnot {nitia-

tion site would be utilized under some conditions, but read through
. ) - . - .

. o . : . - - EEA R I ' X
. under others. On the other hand, control of translation by specific

- 4 o ‘ ‘ L ' » r ; .
termination is not only easier to envision but easier to reconcile wlth

" the data presented here, and could be accomplished if some viral protcin

v
(or proteins) functioned as a termination factor (or factors) Accord— J’_

ing to ‘this model._the.viral genome would be translated in toto early‘in-
‘the infeetious cycle. As the:: cycle progressed however, premature term-
'ination of translation at a site located near the midpoint of the viral

. RNA would result in a- progressive decreas} in the synthesis of non-.
. . ‘ '
capsid proteins, the information for which is 1ocated toward Che 3' nd

of the RNA, and a corresponding increase in the relative amount of : o

*

capsid proteins which are translated from the 5' end of the genome.
. v“‘”ﬁ-' . o
o While premature termination at discrete sites near the middle of
the genome is a well documented feature of studies of translation of

cardioviral RNAs in vitro (Kerr et al, 1972 Boime and Leder, 1972;
Oberg and Shatkin, 972 Eggen and Shatkin, 1972; Smith, 1973), it is -
'difficulg/fo demonstrate in vivo. 1he model predicts that as termina-

‘tion becomes more frequent (late in ipfection) the - amount of poly—
P . ‘} @9
protein Synthesized during a discrete time interval should decrease‘ : S

'relative to the amount of capsid precursor A made at the same time.r
'The data arising from an examination of the viral- specific polypeptides
’.syntheaized in the presence of amino acid analogues, and presented in

Fig 12 and Table 6 are compatibIe with the model without providing
o A - P TN et .
.. ‘Q@ [ et LY

concluaive evidence ‘for it *The value of the molar ratio of Z A does‘

»ddecrease,progressively throughout the infectious cycle;as predicted.
IR i SR DR SO S

. 2

g g
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e

‘"ribosomes in EMC,virus—infected cells.

bl

~

However,

: that poiypeptides X and Y may consist of polypeptides A+ G and

‘incorporated into Mengo virions.

The synthesis of‘poiypoptides X and Y, nelther ‘of which has béen

the data ivli‘ff teult.

identificd unamb l‘lguously , makes interpretation of

the finding that both are precipitated, at fpust.ln part, from
o ; ; :

lysates by antiﬁodies against ﬂu?virus caps id polypeptides suggests

¥ .
- e
A + Gg* H} respectiv&&xs.xuyi that would support the proposed model.

An obvious, but not the only.ecandf&ate
.c»‘ig —-&‘5'

exercising the hypotheticgi contrdl Fuﬁttion is "6, which is synthesized

>
4

é&f the polypeptide

‘in amounts equimolar to those of the capsid polypeptides, but is not
This'suggestion is given some ;1P%;

1973'§iMedvedkixla t al,

credibility by the reports (Matthews et al, ".-'

1974) that significant amounts .of polypeptide G are associated with

However, convincing evidence

wili probably come only from an,examination of “the effects of xpdividual, %
isolated non—capsid proteins on'tﬁe pattern'of_synthesis of viral- : aty

.specific polypeptides ‘in a-cell-free. system

While ncﬁ:hW&nslational control in picornavirus

aystems has been suggested previously,f&t is intellectually satisfying,_

Lin that it~ would impose'a degree of energetic .economy late in the infec-

tious cycle when c;gigd proteins are required in 1arge amounts for the
aasembly of progwirions, while’ non—capsid polypeptides, which

‘probably have catalytic fhnctions, are less in demand. _uﬁ ”; .
Q;’, . . N L - . . ‘ .}’ i
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" {V: COMPARATIVE STUDIES WLTH POLIOVIRUS

~Introduction

Poliovirus is generally regarded as. the prototype of tht plcornu—

_viruses, since it was employed in most of the early studies of replita—

. tion of this group of viruses.i In 1967, Summers et al reported that

Ly

‘although both the size and.activity of polioviru‘&pﬁlysomes appear to

4,

~»decrease late in infection, essentially the same’ sgptsfum of viral

hproteins is synthesized throughout the replicative cycle At the tbme

gy .

o
this study was carried out, it was q@t,gpssib}e to quantitq&e the

vrelative dﬁogptswof vif@%’polypeptides synthesized . More recently.

Butterworth <(1973) described the results of studte;;g the synthesis of

poliovirus (type 2) polypeptides in Hela cellsf, Hedprtstnted a cleavage

map for the viral specific polypeptides (based on data obtained by ‘means

of the pactamycin mapping- technique) and concluded that, dhring the mid

log phase‘of virus préductid capsid andfn:h>capsid proteins are

a

.synthesized in 'roughly equimolar amounts' . However, tife validity of

.the polypeptides VP l (capeid) and NCVP X (non-capsid

PR

this conclusion is subject to some uncertainty, si

L

e in this system

~

are not resolved

by SDS—polyacrylamide gel electrophoresis, ‘the analytioal method

considering the rather equivocal nature of’ the published data on the

employed

In view of the data Suggesting that the synthesis of Mengo virus‘

@

".polypeptides is subject to some kind of translational control, and

-

L
o .

'poliovirus system, it was coneidered worthwhile to- re-examine the latter

to see if some evidence for control could be obtained._

‘Y



Materials and Methods ,

o0

Cells and virus

HeLa cells, (obtained from the Ameritan Type Culture Lollettion)
were gro in suspension culture in calcium—freé Eagle 8 minimum
essential medium, and as monolayers in agle s basal minimum essentlal

medium, both media supplemented with 5% calf serum.

Poliovirus (w Chat. Type l) was . obtalned originally from Dr.

. Hilaty Koprowski &? the Wistar Institute, Philadelphia, Pa., and was

plaque—purified’before use. It was propagated in HeLa cells and assayed

g LTI

" for infectious ¥rus by standard plaque assay Hela cell monolayers . The

.inoculum used throughout the studies described here was a relatively

L}
crude prepa!ation obtaingd by. sedimenting the virus from clarified

_1ysates of infected HeLa cetlls by centrifugstion for 1 hr at 10Q, 000 xg

and ‘then resuspending the pellet in 0. lM sod fum phosphate, pH 7. 4.,

14 -

C-smino acid labeled poliovirus, used as the source of marker poly-
peptides in the gel electrophoresis studies, was purified by the method
described earlier for Mengo virus .except that the initial concentration

of virus from clarified lysates was effected by centrifugation (1 hr,

100, 000 xg) rather than by methanol precipitation.

‘e

Experimental»procedures i

<

The methods used for the infection of monolayers, for the labelling
=
of viral polypeptides (in the presence and absence of amino acid

analogues), for the preparation of cell lysates, and for SDS—polyacryl— :

amide gel electrophoretic‘analyses-Were identical to 'those described_in

detail in Chapter III.

74



' Results

The replicntiun of polluvlrus proceeds more rapidly thnn that of
'Mengovirus .From the single cycle growth curvz of poliovirue fn HelL&
cells shown in Fig 13, it may be ‘seen that the logarithmic phase of

viral production occurs between 3 and 4.5 hr p.i., nearly two nours

earlier than in the Mengo system.

1_Synthesis of ppliovirus—specific polypeptides

In erder to identify the p01Vpeptides produced during the replica-

tion-of poliovinus, HeLa cells were pulse—labé&@ed for 15 ‘min withq@

'3H—amino acids at 3. 5 hr dfter infection and lysed either immediately

or after a chasé period of 105 min “The’ lysates were‘analyzed on 7.5%

polyacrylamide gel in. the presence of SDS as described in Chapter III.

’Repreeentative electropherograms are shown in Fig 14. More than 70%
S

'Aof the radi$@§tivixy present in samples prepared after a 15 min pulse
&
is found 1in three large precursor polypeptides designated NCVP-1,
’ }

NCVP 1 1/2 and NCVP" 2 (according .to the nomenclature of Baltimore and

Vco—workers NCVP = non-capsid viral protein) whose molecular weights

,are klO ,000, 100, 000 and 80 000 respectively " These correqpond, on the ’

basis of molecular weights, to Mengo polypeptides A, B and D respect-

a

‘ively Verx little of the non—capsid NCVP- X (which corresponds to F in
the Mengo system) and of the capsid polypeptides vP-0, 1 Ahd 3 can be
detected An lysates prepared immediately after a 15 ndn pulse. In
“1ysates prepared after a 105 min chase on the other hand, only small
emounts of the precursor proteins NCVP 1 and 1 1/2 are. present, the

radioactivity contained therein having been chaeed into the now eiearly

rvieible capsid polypeptides. Hovever, unlike the situation with the

e

-
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corresponding Hengo polypeptide D, relattvely large quantities of *

NCVFDiLriiiin even after ‘a chsse " Small peaks of other_polypeptides,'

’

. RO
zw W

VPf64peak,'sincefthegpolypeptide Ehat was assigned that number

<

qcleavag scheme ofJoliovirus polypeptides ~

Early work using the antibilotic pactamycin established the~g1ﬁ@?////

©

I3

order. of ‘the primary.polypeptides of poliovirus to be (5';é13') NCVP -1 -
NCVP*X - NCVP-Z (Taber etcal‘~l97l' éummers and Maizel, 1971). 'That
NCVP 1 is the precursor of the capsid polypeptides had been determined.
'earlier by tryptic fingerprinting of 1solated protein,(Jacobson et al,
l970). Using the pactamzcin technique, Butterworth (1973) constructed
a more complete cleavage map of the polypeptides oY Type 2 poliovirus
This has been modified to take into account the molecular weights of the
" Type l poliovirus polypeptidas determined from the present study,‘and

is presented in Fig 1§‘~ Polypept&de NCvP 1,15 the precursor of. the

.capsid polypeptides VP'1l to 4.° NCVP 1 1/2 s generally considered to

substantially from that published by Butterworth (1973), which makes its

pdsition—in the overall cleavage scheme uncertain It is quite possibler,'

Q

.for example, that NCVP-1 1/2 actually corresponds to the Mengoviral

polypeptide B n its position in the dleavage sché@e as well ‘as in
and that it is derived from ‘NCvp-1, the capsid

\ ‘
pre ursor, Becau e of’ the uncertainty regarding at least some of the

moiecular weight

\ .

ied {n Fig. lé as NCVP-J—lO, are also found in these gelsf(there .
‘ - S Lt
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‘i_precursor product relationships,'all subsequent quantltative studies .

' were conducted on lysates prepared after a chase period in which only<

»

the stable viral polypeptides were radiolabeled ‘. - }- o o

.“\'

h The p5§1tions of the mihor polypeptides NCVP 5 to lO in this

a

cleavage scheme are unclear. Dbata: obtained Srom studies with pactamyc1n
‘~7(Butterworth,‘1973) indicabe that they are translated from the central

portion of the genome, that is, from that segment between those coding
K3 I l

:;for VP 3 and NCVP 4 (see Fig 15) .. The smaller fragments,may be tHe =

”products of<normal cleavage" However,ipoliovirus'precursor‘proteins

: appear to possess multiple cleavage sites, which may give rise to

N

-ambiguohs cleayages. For example, on high resolution gels, the: peaks

o ™

-

'corresponding to the capsid polypeptides VP-2 and VP 3 can be shown to

s
contain two or three separable species (Cooper et al 1970, ‘van den

N

,Berghe and Boeyé 1972 Phillips and Fennel, 1973) Thus NCVP 5 to lO

-,may be either products of . ambiguous cleavages of non—structural

.polypeptides orx: degradatipn products of‘:%%h incorrectly cleaved poly—'f

. !
peptides The molecular weight differences among analogous polypep—

tides in various strains of poliovirus may be explained by differences

: 1n‘susceptibility~to cleavagevat‘such ambiguous sites. ° . .v 'f .N
T R R S
‘Molar ratios of the. viral pqupeptides". el T "f :

©

In order to quantitate the amounts of the maJor polypeptides o

'produced by poliovirus, relative molar ratIOS’were;calculated as. .,

'described for Mengo virus.‘ The molar ratibs were‘normaliied“with -
o &

respect to NCVP X (MW = 37 000 the poliovirus counterpart of Mengo:’
:polypeptide F) which in our syftem is clearly resolved from VP- 1 'R

MW = 33,000). The results are summarized in Table 7. Also listed is

7
p \‘. , . . - : % . .

L%

P



ato v

Relétive Molar

<

s -

~T4m£ 7.

Ratios anJ Molecular Weights

J

f
of

Polypeptidesl

/ ‘ |

..fl\\"“»;:.
the Majot_Poliovirus

.‘\x .

. N : .
Poliovirus-

NCVE-l 1/2,

. NCVP-Z

,_V?1€
>‘N9V?'x
S e
'?“;“.' Nvees

polypeptide.
N . B : A

L3

7Corfe§bonding o
Mengovirys

polypeptille

Molecular-‘;
. weight x.10.

h ]

[

ratio

7
~y

Neveel o A

NCVP- 4 f .

A,

‘Bot ‘C.

.
=

- % 100~

110
8o
54

40"

i
L

C\)_

/

1, From analysis of a lysate of HeLa cells,

pulse labeled for

15 min ‘at 3. 5 hr p.i. (mid logarithmlc phase of v1rus ).

‘ production) and chased. for an: addicional 105 min

-

.\; ?.results.

Average deviation from these mean . values was 0 15

R "with a maxin {um (vp 1) of 0. 22

)

. i‘
2. ',Normalized w;th respecc to NCVPE&\
' ﬁfrom three indppendent expetiments ‘that 8

_ ﬁoc calculéted since the NCVP}l‘1/2 peékAis'

ave very'similar.

ill-defihed.

,\,"v'- .

Each value;is the average

N




‘ bthe Mengo polypeptide Whikh correspbnds to each of the polio poly—
. o \ I
peptides, together with the molecular welght of Lho latter lhc dntn

'show that the molar ratio of each of the capsid polypeptides (VP -0,

VP 1, VP 3) NCVP «X is equal to approximately 2 at this time (3 5 hr pli,f
in-the replicative cycle. The cleavage of NCVP 2 is obviously muchlluvl
i slower than is the corresponding conversion of D> E in the Mengo

Dsystem since much of the precursot is still present after the chasej

period The Sum of thé molar ratios of NCVP 2 and "NCVP+ 4’ which by

analogy with the Mengo system might be expected ‘to equal that of

82 -

NCVP X is only O 71; It seems likely that this low value reflects the %',°

instability of NCVP 4. The molar ratios- of the minor polypeptides a

k]

whicijefe found to be variable and to have values 1ess than 0 23 are
i . P Cw R -
.not dincluded in the table. = R f'a'l S

These data show that in this system, as in the Mengo system, nearly

' -
twice as much&capaid as non—capsid protein is present 1ate in 1nfection,

and prompted an examiqhtion of the synthesis of poliovirus polypeptides

' [
thgeughout the replicative cycle of poliovirus

_~: -

A
':7 Sypthesis oﬁppplypeptides throug out the replicative cycle of, poliovirus

ENS

The tptal ‘amount . of capsid protein (Ca) synthesized at various e

: 'ropherograms, such as those illustrated ianig 16, obtained from
1ysat*"of infected cells pulse labelled for 15 min ag.2-5, 3.0, 3.
and 4 5 -hr p i. and then chased for 105 min. The-molar'ratios,.

Jpresented 1n Table 8, are\expressed'relstive to the amounts of NCVP X

‘synthesized at the same time., The value of the ratio Ca NCVP X while

D)

' never as low as unity, was found to- increase progressively from about

e

‘iu

-

3;\\times throughout the replicstive cycle of poliovirus was estimated from o

L s
y . —
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- Relative Molar Ragids”of'Policvirnsjsgecifié-polypep:iqea?f BRI AEE

o

Sra—

' C , : ) Molar'ratio after pulse given at ,7'4: ' T R
‘Veral o - LA " - e
'Polypeptide(s) 2.5 hr p.1i. 3.0 br p.T. | 3.5 hr p 1. 4.5 hr p: {

e e

- i.60- 1.94 L 1.96 .

- 1.00 1,00, | 1.00

L

,0.68 .61 - ol - o

ca - $1:77
Neveex - . |- L. ~1.q0. -}

N.cES - 0.53 =1

t a

» A 1f o Calculated from@electropherograms obtained with lysatég of . cells : , S
R  pulse 1abeled for 15 min\at the. indicated times and chased for an
| ' ‘1”«§@ditional 105 min. oy

. @ ; -
[
~

)

“The total amount of capsid protein synthesized (Cé) was calcula;ed LT
L _ VR0 + VP: 1 + VP30 : : A .
. ~ from Ca = 3 : . S o

- ’ ERS

ek R . B . B cN v et . P
S . . .

o
.F"* '

N.Ca = NCVP-2 + NCVP-4



e

‘h‘l 4 at- the earliest time Jﬁ

3 :'.p 1. ) to abouf 2.0 late

) 8 are the values of tﬂe

~'the cycle,- The value of this ratio ‘was found never to exceed unity,-and

-~

.

”_which is probably attributable to the inStability of NCVP b Although.

,time p.i,-‘. ' uf{

K 5, ’Aq

.in fact was significantly less thsn unity in most analyses - a findin&

in the replicative cycle Also 1iated in, Table

ratio‘N Ca: NCVP -X ‘at: various times throughout

‘the increase in the v alue of the ratio Ca NCVP X is not as marked as 15*
h% increase in the value'bf the comparable ratio [C(total) ﬁ] in the

Mengo system, it ‘gseems . clear that in the poliovirus s“stem goo the ratio

of capsid non-capsid-present increases prOgressively as a. function of

'

Effect of amino acid analogues on synthesis'of polioviruS'proteinST

@
Ve

=

.

:_ in the presence of thes

translation product of

'f.progressively as a func

’1with our prop;\ed model

in the preceeding secti

e

- ~be translated asymmetri

"fmade it seem worthwhile

na

'\p—fluorophenylslahine -

to permit<xhe detection

\

v

An investigation of the effects of amino acid analogues on the

synthesis of Mengo virus polypeptides (see Chapter III) revealed that,,'

e compounds,;the amount of polyprotein Z (the

the entire viral genome) relative to that of

polypeptide A (the precursor of the capsid polypeptides) decreases

tion of time P- i T anp observation compatible

..

for control of translation. The data summarizedx

on which suggest that the poliovirus genome may‘

cally (at least late in the replicative cycle)

to carry but a. similar study with this system

Bl

lo es — azetidine, canavanine, ethionine and

were utilized to inhibit primary cleavages and -
of polyptotein CVP- 00. T ) T d,

I3 : -
. . Loty . o - -l

Cwm

o

85




i

PoliOVirus-infected HeLawcells ‘were pulse labelled for 30 min’ in

o the presenee of the i!ino aciz analogues at 2 5 3. O 3 5 4.0 and 4 5

pe‘? i., lysed immediately ther%after, and the 1ysates subjected to

86

electrophoresis in SDS-57 polyacrylamide gels Representative electro-

pherograms are presented in.?ig 17, from which it - is quite obvious

7 1

that the amount of NCVP 00 relative to “that of NCVP.1 (the precursor

-

of the capsid polypeptides) decreases progressively as ‘a function of

.
time p-1i. The dats were analyzed quantitatively pnd the results are

' summarized in Table 9, together with the molecular weights of the poly-

oy . s

peptides °rhe molsr ratio‘of NCVP'OO relative to NCVP-1 was’ found«to ‘

decrease progressively,land very markedly, from a value of 1. 68 at

2.5 hr.pui ‘to .a value of 0 19-at & 5 hr P- im( Also listed are the
''''' 3\ : -

.relative molaruratios of the two other-high molecular weight poly—
.9 .

peptides produced under “these conditions - namely NCVP-0a and’ b the

1ower and higher molecular weight components respectively in the peak

A

identified as NCVP O in Fig’ 17 Although the-data suggestwthat there

' may be a progressive decrease ‘in the relative molar ratio of’NCVP Ob,
B : ~.

N and no consistent change in the value of the relative molar ratio of .
NCVP Oa, it is difficult to interpret the data cbncerning these two'
. »
) species since they (likg polypeptides X and“Y in the Mengo system) haved

RS

'not been identified
./ o " . ) s .h ~£¥ ‘ . : . :f .
Stability of the pdlypeotein NCVP 00

1f§~ N
: The results of the studies of the. synthesis of viral proteins’in

W -

’the presence of amino acid analogues are,compatible with our proposed
P P -
‘¢ model for the con? ol of translation, in that ‘the progressive decrease

‘in the NCVP 00: NﬁVP 1 ratio which would be predicted from the model

0
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lysates of

poliovirus-infected HeLa cells, pulse labelled for 30 mia in the pre-

sence o

amino acid analogues.at 2.5, .3.0,.3.5

-

.

and 4;0fhrs p-i.
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Lt

60 min in the oresence'of amino acid analogues, ai
Vphoresis in 52 polyacrylamide gels. " The data ar

A straight line ‘was fitted to each set of point

was, 1n fact; observed.
’ !

However.‘there are o!Ler possible explanations, the most obvious

one being that the decrease in the value of the ratio polyprotein:

capsid precursor seen late in infection could be due to an increase,

late in infection, of the activity of an enzyme ‘(or enzymes) capable of
degrading the polyprotein. For ‘that reason, an experiment designed tdo |
examine the stability of NCVP-00 both early and late in infectiqn was %

carried out. Replicate cultures of poliovirus—infected HeLa cells-yere

i
" a

|
pulse labelled in the presence of amino acid analogues at 2. 5 and 4.5

hr p.i. Lysates were prepared after chase periods of 0,.10,.20, 30 and

° ¥

%mnalzyed by electro-
illustrated in Fig.lS.

by the least squares

method, and the lf life .of NCVP- /D'early and late in infection was
33{~N_}£d—f::;~::: slopes of the tw:~ 5. i ) \

The data show that NCVP-OO is in fact degraded more ?apidly late .-~

in infection, the estimated values for the half- life of NCVP 00

‘synthesized between 2.5 and 3 0 and between 4 5 and 5.0 hr p.i. being

74 and 42 min respectively This finding suggests that either the -

amount or activity of enzymes capable of degrading the polyprotein

¢ .
incredses late in the infectious cycle, and forces the conclusion that—°

at least part of the observed decrease in the NCVP- 00 NCVP 1 ratio.

(see Table 9) can be explained on the basis of an accelerated rate of

- 4"

breakdown of the polyprotein late in the cycle.

-,
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Figure 18. Stability of the'poliovirusQSpecific polypeptide NCVP-00

synthesized during a 30 min pekriod in the presence of amipo acid analo-

gues at 2.5 and 4.5 hr post-infection.
ared and analyzed by electrophoresis in SD$-5% polyacrylamide gels

fter chase periods of O, 10, 20, 30 and 60 min in the presence of amino
"~ acid analogues._ntilz =

‘e

In each case lysates were pre-

estimated half-life of polypeptide.
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¢

The data prcnnnd in thh qbaptcr are in general qre-mt vi:h *

'tho.e obtained fron studies of the Mengo vtrun sy.ten. Approxiuately
twic‘bas nuch capsid as nor-capsid p; tein is found in ‘cel}l lyl‘tes

prepared late in the igfectious cycle. there is a progressive inc;ease

in the_ﬁblar ratio of caplid:non—capsid protein-as a function of time

p.i., and ~ in the~presence of amino acid analogues - a progressive
decrease from early to late log‘phase.of virus production in the value

of the molar ratio of NQVP-O00:NCVP-1l. All these observations are

.
4

compatible with the suggestion that the viral gehone may be translated
- * 0

-

@ . . . ©
agsymmetrically, and with -the proposed model in which some viral speci-

fied protein acts as a specific termination factor capable of causing -

-

prenature termination of tranglation at a site located near the mid-

point of the viral RNA. OJ, N . ‘ 8
‘ .
However, the poliovirus system is not as cMan as is the Mengo

system, and the data obtained from studies of the poliovirus system are

subject to more uncertainties than are those, obtained from the Hengo
systen.- The large precursor-proteins of the poliovirus system, for‘
eﬁfmple, appear to be'subject to ambiguous.cleavages,:and it seeme
likely téat the’ relatively high value (1.4) of the-ratio Ca: NCVP X P
found early in the replicative cycle is a result of improper cleavage |

of NCVP-X. NCVP-5 (M.W. = 47,000) which maps near the center of the“

E-3

genoﬁe may well be an incortectly cleaved‘NCVP-X. Bowever, such

ambiguous cleavages probably cannot explain the prlgressive increase

observed in the. ratio of capsid non—capsid proteins, since the p%Oportion

7

of ambiguous cleavages is unlikely to increase vith time.

d
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Certain -huuxuu ars tnnm%y the ,mu& of a m: ol = N

oy

ntnor polypeptides (NCV! 3-3 mq - 10) nq; £ound in :h- Mue tyat-.
-

o 'rhcir puqin poo:luonﬂ 1n thc ovaul! é}nvn;- -Ehdc are: not i.povm ‘ e

“and 1: is not cl’ar whothcr }ihdy lrc" productn of -bi.uoul clnavann g - a

Y dcgndaticmoproducu o! mcorr-ctly glcnvnd v&u! pdlygcp;idu. m;- ®

ever the case,: they vere found in tucch m§1'1 qunntain sh&t thcy bfrc ‘ Oe
‘ignored in ull ani 1yoea of tho"t;porincn&l d:t;. :e» . : . i ;° "
, It cowld be rgu.d that ther raoult%‘obtalno&’vith both the Mepgo- .. -
. 'nd. P:uovir\u sys D‘ ;QﬂQCt an icccleWteq ‘and’ golective degra&ntion °
4 non-ttruc;unnl polyyop;idcé’ latc dn the iqf.ctious cycl‘,,, 'rh: . ' . “'
{validity of the nodcl p’ropo-ad here dqpends on the-assunptiou that the ° "
hon-dtructurnl polypeptideu - d\d notg partic&hply the referencc 00 - ;-0 ¢ .
o oo Lo o s

a bolypcptidnl F and ?{CV?dK -.gre rc.lativgfy stablegﬁ or at leAst are not
&egradcd at an acc_cler;t.ed tl:; %atc in ‘the 1nféct.io¢h cycle«. ;heo o
’ stabfility of the Hengovimi non—nsmctut‘al" polypdptidg: c(Lueas-—‘!.enato:l,
1974 Padtha et al 197") appur to rulg out th&s uechaniq in the c‘u . ¢
of the Mengo sycm 'rhe iitul.;iqp with ;especﬁ to the pollovir:s SR
. - < e (-4 ' N\ Cos

systan is nore uncertain itf thdt nd. rea11y8 defbﬂitivé data tegat’ding

kthe stability of -the non—stmctural pcdypeptides - particuiarly ‘hcvr X o
3 » Q ’ ° X%
- are available. Im ‘this regard it does -géem cleat: fr&n these - studiek
<
-that the Mengo non- psidapoiypepéige E is considerably nor% stable than

“s [

the corresponding poliMs polypeptide NCVP 6, vanQ it is "j,,nteresting ’

) to note that°the re}ative stabili?:les ofngthese two polypeptides are .-c )
) ;consié’tent vith earl;et observal:ioas concgrning the stabilities qf = «’
polio and Mengo° RNA teplicsses. °. Ehreaf:;d et‘l al (1970) found thgﬁ when‘e .

"3
- 4 polio-infected cells vere tre“ed with cyclohex’inide, the viral RNA®

< -] :l N . [+ - ° B3
[ o 9, » . . T :
4 o J N o N
’ : : 4 z . DI

. o

IR -2 [}
]
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N

replicase'aCtivity decayedfrapidly (half:life‘= 15 min) , while’Baltimore,

and Franklin (1963) reported that‘Mengo RNA synthe81s continued at ‘an. 'Zdth .

’undiminished rate for at least one hour after protein synthe51s 1n

e

-1nfected L.vcells was blocked by puromyc1n. Lundﬁu1st_et al (1974) have" L
'hpresented evidence that NCVP ‘4 is the viral component of polio RNA

"pOlymerase,.and Rosenberg et al (1972) reported earlier that a poly

X 4

',C dependent RNA polymerase derived from the ﬁMC RNA polymerase contains

- a polypeptide of molecular weight 57 000 - tFe same as that of poly—

v

peptide E the EMC and Mengo equivalent o NCVP 4 : ’ _1 R el

Taken at face value, the data obtained from the 1nvestigation of
4

the synthesis of poliovirus\polypeptides in the presence of ‘amino ac1d L

7analogues provides very convincing evidence of some. kind of transla-
~ , :
tional control in this system. However, the observation that the

' stability of NCVP 00 decreases late in the 1nfectious cycle casts ':- o h;l' -
considerable doubt on the significance of the earlier observations.', :
v \“"h Considered in toto, the data ‘summarized in this chapter, uhile
Lconsistent with both the hypothesis that the synthesis of - picornaviral y
Proteins is;SubjeCt to some kind of translational control and-the‘.
.proposed;model, do not constitutexthélhind of convincing, supportivep

evidence that it was-hoped they would provide. = SRR

Pl
©
!

I
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V. VIRUS<SPECIFIC POLYSOMES
o

’ &
o

Introduction

./

, The: data presented in Chapter III suggest that during the replica—

tion of Mengo viruS/in L. cells, premature termination of translation at

a. site located near the midpoint of the viral RNA occurs with increa51ng

. a kt
7 \_\

‘frequency as igfection(proceeds.f The studies described in’ this chapter

1

were based on the premise that it should be possible to study this'

(

hphenomenon more directly by examining the size and activity (in a cell-

free sysﬁem) of virus-specific polysomes from infected cells

If only half of the viral mRNA is translated late in infection,:

| /

the averake size of polysomes should become progressively smaller

'dﬁring the mid to late log phase of virus production Summers t al

’

(1967) have reported that the size of poliovirus—speciflc polysomes

\.,.~

- isolated from infected HeLa cells decreases from about 3808 -to 2008 s
Tlate in infection, ‘a finding they attributed to. a decrease in the rate
of translation Since the. individual viral polypeptides had not been ‘f:

_identified clearly at that time, no quantitative estimate of their

production could be made

<

Roumiantzeff et al (l97la) have isolated membrane—bound polysomes

' from poliovirus infected cells and have shown that these polysomes will-

synthesize in vitrg ‘a polypeptide of a size approx1mating that expected

»from uninterrupted translation of the entire viral genome (Roumiantzeff -
'_et al l97lb) It ‘was felt ‘that the" establishment of such a system
- from Mengovirus infected L cells might make 1t possible (1) to deter—

ymine directly whether the termination phenomenon is- real or only

«
/ 3
i

ot

94 T
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b I

.

B

o

aPParent, and (ii)wif'real, to obtain sonerindicatidn“as‘to yvhich viral

‘;::::ih“may function as the termination factor o -f o - 'ln-e )

T,
\

While the, work to be described in’ these two areas is fairly

preliminary, it does provide a basis for more definitive studies
v ; . oo , \

"

N .' Materials and‘Methods

.
.

‘a \ ) :
Infection of cells“ . ;
o ) T e <

'~L cells wetre. grown to confluence in roller bottles .as described

~

©

in Chapter PI. After decanting the growth medium,}the cells were’
infected by adding 5 ml of virus suspension (in virus diluent, moi =
100 pfu/celi) containing 5 ug Act D/ml to each bottle After -1 hour,
during which time the bottles were rotated at O 2 rpm, the inoculum was
poured off the ‘cells rinsed with PBS to remove unattached virus, and ’
20 ml- f BME containing l/ HS and 5. ug Act. D/ml were added The roller
bottle cultures were incubated at 37 C, and. rotated at’ approximately 1
Vrpu. . B | v
":4lo.label the viral mRNA 3H—uridine (yEN) was added to the roller,
:bottles‘at either 2 or- 5 hours after infection to give a final concen—‘

tration of isotope of either 5 or 10 uCi/ml ;]

'To»label nascent protein, the growth medium was replaced one hour

before labellinglby 10 ml - amino acid deficient medium containing l% HS,

N

725 mM HEPESHand 5 ug Act;D/mlv One hour later this medium was replaced

by the same médium supplemented with }4

C—amino acids (5 uCi/ml)

L:Preparation of céll extractsl R {i'

Five or: 6 hr P- i. ‘cells were detached from the roller bottles by
trypsinization, collected into 20 ml ice cold BME-5% HS,.pelletted by]pw.’

N e ct ' :
° L e



speed centrifugation and washed sequentially with 20 ml volumes of 1ce
»

»cold PBS and RSB (reticulocyte standard buffer, 10 mM - Tris, 10 mM KCl:
o i

1. 5 mM MgCl ) The washed cells were then resuspended in 5 ml RSB and

homogenized in an a11 glass Dounce homogenizer (Wheaton Glass Co

- e

Brampton Ont ) using a tight fittidg pestle The toncity of the homo—‘j

/

genate was adjusted upwards ‘at this point by thefadditioh of sufficient'.
ilOQ&concentrated buffer to give final concentra?ions of 20 mM Tris,t'h

5 mM MgCl 100 mM KC1 and 6 ‘mM 2-ME (in- subsequent sections the 1atter-A
Amixture is designated buffer 20—5—100—6) After removal of nuclei 7nd
:,unbroken cells by low speed centrifﬁgation (3 min, 1500 rpm) the homo—'
b_genate waa separated into cytoplasmic supernatant (SZO) and cytoplasmid‘ ‘
.pellet'(P ) as described by Roumiantzeff et al (1971a) by centrifugair . .
;ftion‘for 30 min at 20 000 xg (13 K° rpm, JA 20 rotor, J21 Beckman v

centrifuge)

Sucrose density gradient analyses

u

\‘Unless otherwise indicatea density gradient analyses of P 0 d‘
1320 fractions were carried out on 12 ‘ml linear 154 to. 454 (w/y) ﬁNase-
free aucrose gradients prepared in either RSB or-a buffer composed of

20 mM Tris (pH 7.4), SuM MgCl, and 100 mM KCl. -

/

The cytoplasmic pellet (on) was resuspended in 1 ml of appropriate 4>/'

o/
. buffer, placed in an ice bath, and sodium deoxycholate (DOC) was added f/“ K
. N // -
L to a final concentration of 1/ After 5 min NP- 40 was added to the o/
. same final concentration and a. 500 pl aliquot of the suspension‘ '.' » >
/ s

(containing about 5 A 60 units) was, layered immediately onto a gradient S

-

Q
1

About 700 pﬁ'(m 5 A 60 unita) ‘of 526 was also analyzed

>

‘ The gradients were centrifuged at 36 000 rpm (120 000 xg? for



e the complete incubation mixture contained 1 mM ATP and 300 uM GTP (both

L 97

RO

Qﬁﬁ*min (International B-60 ultracentrifuge, SB~ 283 rotor), after which
”they were fractionated using an ISCO Model D gradient frac ionator'f

fequipped with a modei UA-Z UV-monitor and a model =170 serVogFaphic
[

frecorder (Instrumentation Specialties Co Inc., Lincoln, Nebraska).

o In those cases where polysomes had’ been radiolabeled 200 ul b_:,'*; Ce
. [ . H . 0" E
fractions were collected directly onto fllter paper discs (Whatman no.3, .

i};2 3 Tm diametér), which were air dried before being washed sequentially
L 1

with cold 107 TCT= cold SA TCA, ethanol and‘acetone.i Radioactivity

ilmeasurements were made in a Beckman Liquid Scintillation Spectrometer -
'(Model;LS—ZBO);using a.toluene-scintillation Eluid.y‘

; : S ’ . - 5 . b‘,o . 'o.'_ . L Q-
jProtein aynthesis in vitro )

W R
.

Cell extracts were prepared as has beeﬁ\described except that after;‘ R

‘homogenization .the final concentration of the homo

nate was adjusted
'to 20 mM Tris, 5 mM MgCl 80 mM KCl and 6 mM 2-ME (whic,f' 1]

”referred to as buffer 20-5 -80- 6) Fraction PZO,'obtained as. desl :
earlier was resuppended in 1 ml of buffer 20—5 80- 6,.and 50 ul aliquoth n‘

. were mixed with equal volumes of fraction Szo'and~held in an ice bath.

»To each on 2o‘mixture was added a 50 ul aliquot of a freshly prepared

chilled solution containing the remaining components of the reaction

. mixture, after which the swmples were transferred immediately to a

37 .C water bath. In addition to the components of buffer 20—5 80—6 3 ' *p]

from Raylo Chemicals, Edmonton, Alberfa), 7 5 mM phospho enol-pyruvate,
. . ‘
14

1 5 units of pyruvate kinase (both fro Sigma),.and 0 75 uCi C—amino
- > v T , ; T e o
. acid mixture (NEN) D T U o . - e 3’}



Y

”and immersing it in boiling water for 5 n%n -

fRadioactivity was measured in the usual way

viPolyacrylamideﬁgel electrdphoresis

For gel analysis, the reactiOn was terminated by adding 15 ul of

a solution containing 10% SDS 507 2- E and 10 2M PMSF to the sample.,

s . . i
[ '

. -

5

14

To follow incorporation of C—amino acids into acid insoluble

T

b mixtures and added to 2 ml of cold IOZ/TCA After 15 30 min at 0°, the
ifprecipitates were collected by filtration through membrane filtersg

T(Gelman Instrument Co . Ann Arbor, Mich., pore size O 45 u)

.‘\'

0

-for several hours against 0 lM sodium phosphate buffer, pH 7 4

L

Twelve cm long SDS 7 5% polyacrylamide gels were prepared as

)<described earlier (Chapter III) They were pre—run for 1 hr at 8 mA/gel

_before use,;

cSamples which had been prepared as described above, were dialysed
N 7

vcontaining'zz SDS and 5% 2—ME before use. Due to. the relat : ly large
vvolume of the samples, polypeptides were run into the gels at’ a current

',of -2 mA/gel after which electrophoresis was:’ continued at 5 mA/gel until

.

the bromphenol blue marker dye, which had been added to each sample had

nmigrated to within 1 cm of the bottom of the gel

The procedures employed for staining and cutting the gels and for

.measuring radioactivity in the gel slices have: been described .ff':3 .

(Chapter III)

oG iy

material 20 to 50 pl aliquots were removed from the incubationﬂi g .~} o e




L . Results.
N ‘\ .- fa‘;:" N ) ) .

pﬁlsolation of<2_lysomes from infected cells .

Virtually all polysomes present in either infeCte or uninfected N

'"'f“L."cells are found in the P 0 fraction, indicating that 3hese structures~

}are firmly associated with intracellular membranes onl ‘a’ few small

A

T (slowly sedimenting) polysomes are found in the supernatant (SZO)

‘These findings %l&ustrated by th idata presented in Fig. 19

I3

f‘which are shown thAﬂ‘olysome profiles obtained with cytoplasmic pellets

isolated.from-infectedf‘ells 6‘hr 1after infection and from uninfected
3
cells incubated for 6 hr in the presence or absence of actinomycin D.n

All‘P20 fractions were treated with DOC to release mémbrane—bound

c,’

S material before sedimentation By blocking mRNA synthesis, actinomycin N

D reduces the number of polysomes found in uninfected cells (panel B)
compared to the number present in uninfected cells which have not ‘been
exposed to’ the aptibiotic (panel A) The number of polysomes present in

cells 6 hr after infection with® Mengo virus (panel C) is also reduced

»

- an observation which is not surprising in view of - the marked inhibltion

[.of cellular protein synthesis caused by thisfvirus A polysome profile o

fractiohs prepared from either
\.\

'representative of those‘obtained with s, 0

i infected or uninfected cells is shown in panel D In,all<cases, only
" o

a few small polysomes were found in this fraction.

C e

Repeated analyses ofJf\ fractions from infected cells failed to
. . ?-

detect any giant virus specific polysomes comparable to those found by

1>other investigators in poliovirus—infected HeLa cells (Summers et al

1967 Roumiantzeff et al 197la) Addition‘of the-potent ribonuclease

inhibitor polyvinyl sulfate (Bernfeld 1963) to the post-nuclear super-”

e natant had no effect on polysome profiles obtained with on

e
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80s. ribos¢pés ig 1ndicated'iﬁ‘each_panel_by an
bsorbance-§€ale is -amplified five-fold at the
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) fractions;.‘(Addition of the inhibitor to‘thé\whole cell homogenate

. resultedkin nuclear lysis and release of the highly viscous DNA) ./ The
obsgervation that trypsin, at concentrations coﬁmonlﬁ“uSed 1in tissue
c‘}ture manipulations, inhibits elongation of growing’ polypeptide
.chains in treated cells (Koch 1974) made it seem unlikely that the
absence of giant.polysomes was due togiibosome run-of f during the
_i;olation pfocedures This was verified by the finding that the addi—

tion of" cycloheximide (up to 100 ug /ml Noll and Burger, 19 , which

/

also inhibits elongation,_to the cultures Just prior to harvest did not
alter the polysome profiles obtained : Attempts to detect virus- specific

‘ polysomes by radioactive labelling of either the viral mRNA or nascent

1

. polypeptides were also unsuccessful in both cases the label was

distributed throughout the gradient Evidently the‘polySOmes are:

fragmented during the separation procedures, either'at thebstage‘where
cells are swollen in hypotonic buffer (during which L. cells triple in

volume, and without which the cells are not disrupted by homogenization)
or at the stage of dissolution of supporting membranes by DOC In any
L)
'case, it was .not possible to isolate intact’ viral polysomes by this

-
y
~

method, and thus examination of their size’ as a function of time after

' infection was impossible

o

. Cell—free protein synthe31s

Since virtually all polysomes are membrane—bound in.infected L. e

cells, the P26 fraction was used without pocC treatment‘or any further ) -
' purification, to establish a relatively crude cell free protein— (/
vsynthesizing system Gradient analysis of the on fraction without DOC

e

ntreatment which is presented in Fig 20, shows that it c0ntains a few
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.Figure 20. Gradient analysis of P2 fraction from Mengo virus- infected

L.cells. The P, ffactlon was prepared 6 hr p.i..,, resuspended in 20-

. 5-100-6 buffer and layered without DOC treatment onto a’ 34-ml linear

gradient of sucrose (15-45%Z) in buffer 20- -5-100 on a 3 ml 60% sucrose
cushion. = Centrifugation was carried out at 25, ,000. rpm for 135 min in

‘zan SW27 rotor. Sedimentation is from right to ‘left. Note the five-fold

amplification of .the absorbance scale at the-top of the gradient. The
position at which 150S Mengo. virions band is indfcated by Vi.’
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\ ‘ ‘ ’ N ’ N v -
free polysomes (fractions 8 to 16) and a peak of membrane-bound material

sedimenting at about 400 S (fractions 20 to 30) Large'nembrane'

aggregates are found at the bottom of the gradient on the 60% sucrose

-
cushiob o . ' . ‘ .
\ N ~ ”

Due to the great instability of the P fraction, it was usually.

20 .

used as soon as it was'prepared Overnight storage at 4°C either as a

pellet or as a suspension in aqueous buffer resulted in the loss of

bout 50% of the activity. However,\vittually no loss in activity was "

@

detectible if the pellet was resuspended in the presence of 20% glycerol
LN
_and stored overnight at -20°

The optimal concentration of Mg++ for incorporation of amino' acids .

v

into acid-insoluble products was found to be betWeen4S and 6_mM; as

‘shown in Fig. 21. When incorporation was examined as a function of KCl .
’ N . ’ . . ) * N ' ‘ . ’ \
concentration (in the presence of 5 mM MgCl ) a curve with a broad

&

o : '
maximum from about 70° to 85 mM was obtained (Fig 22). ~0On the basis of .

these observations MgCl and KCl Y;;e used at concentrations of 5 mM

>

and 80 mM respectively in. all subsequent experﬁments

.e

A time course of synthesis under conditions of optimum salt con—‘

'centration ds shown'inAFiga'ZB While very. little incorporation was

observed in ‘the presence of the supernatant alone, substantial synthesis
‘was found to occur in mixtures containing the resuspended pellet Both
' ~,
the rate and extent of synthesis were shown to be increased when both

'.therszo and PZd fractions yere present in the incubation mixtureu

fncorporation was found to Teach a plateau at-60vmin in both cases.

. A
The addition of 2 x 107"

M\TPCK to the complete system had no effect on

incorporation. - ) ‘ \ , o o



\Q Figure 21.

<

pd

“0° in 102 TCA, filtered, dried and counted as ‘described.

_—-THe concentration of K was 80mM

G

Effect of Hg++ concentration on Mengo virus'poiysome—'
directed protein synthesis in a cell-free system. - Incubation mixtures
of 120-ul were maintained at 37%c. One 50—u1 aliquot was removed

‘immediately after the addition of reaction mixture to the 820-P20

mixture and a second 90 min thereafter. .Samples were precipitated at

the number of counts in the 'Zero time sample have been subxracted.

.In all cases;;

104
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Figure 22. E:i;;; of K concentration on Mengo virus polysbme-. -7
- directed prot

synthesis dn a cell-free systgm. Incubation mixtures
. of 120~-ul were maintained at 37°C. ,One 50-ul™ quot was removed

immediately after the addition of reactiom mixfure to the S20-P20
mixture -and a second 90 min thereafter. Samples were precipitated,
filtered, dried and counted as degcribed. - In all cases, the number of

counts invi§ev'zero‘time7 sample have been sub:tacted. The concentra-
tion of Mg' " was 5 mM. - ‘ : ' '
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‘protein synthesizing system. Incubation mixtures of 360 ul were main-
tained ‘at 37°C.  Duplicate 20 ul samples, removed at the times indi- ¢

-cated, were precipitated filtered, driéil.and counted as‘described.

Each point represents the average 'value of the two samples.
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Since this system appeared to be functional the products were
'analyzed to determidb whether large polypeptldes*or only small peﬂtides

were being synthe51zed

°

~

Polyacrylamide gel analysis of products synthe51zed in cell free system

/i;VC:> The results of analyses on SDS 7.5% polyacrylamide gels of the
R Q

products produced ip the presence and absence of TPCK are shown in’
I

Fig 24 'From the - left panel it i§ evident that some large polypeptldes

(MW 60, 000 to 100, 000) are synthesized by membrane—bound polysomes 'ln'ha

o

'addition, a substantial amount of’ material whose mplecular weight must

Lot

be greater than 125, 000 was found at the top of the gel - The fact*that

. thefaddition of TPCK, -which inhibiks cleavage of the polyproteinL

precursor in vivo (Korant, 1972 ¢Summers et al 1972) doubles the amount

Eed

of’ radioactivity in this high (>125 000) molecular welght fraction ]

(Fig. 24, right panel) suggests that complete translation of the Mengo<’

> genome rnay tmre—p—rm—rn—this—sy'stem - —

BT VAN,

While the corresponding fractlons derived from m0ck—1nfected cells‘
-were found to incorporate some rad10act1v1ty, gel analyses showed that

) verynlittle protein of molecular weight >60, 000 and none of molecular

weight >125 000 is produced (data not shown) .

. . o ’ . )
: Discussion

o
The crucial role played by . cell membranes 1n the replicatlon of
» poliovirus has’ been demonstrated repeatedly Synthe51s of v1ral proteins
(Penman et al l964° Roumiantzeff et al, 1971b)- -and of v1ral RNA

A e
,(Baltimore, 1964 1969) takes place in membrane—associated complexes,

"and evidence- has been presented to suggest that viral assembly is

©
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Figure 24. Analysis on SDS-7.5% polyacrylamide gels of the products
synthesized in cell-free system. The positions of the Mengo virus-
‘specific polypeptides, indicated by arrows, ﬁeré«deterQined by mixing
.. aliquots of _a lysate of infected cells with' each sample prior to .
' electrophoresis.  Left panel: polypeptides produced without TPCK; right °
panel:. polypeptides produced .in the presence of 2 x lO'f4 M TPCK.
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'initiated on- cell membranes (Phillips, 1971)ktjﬁnﬁ;12’€:s not surpris—‘,?
ing to disc0ver that both the synthesis of Mengov1ral proteins and virus
assembly are also associated with cell membranes It was. found that if

o Mengovirus—infected L. ells“ which had been pulse-labelled with 3H—..
amino’ acids from 5. 5 to- 6.0 hr. p-i., were incubated in. the absence ‘of
1abeled amino acids for an- additional hour, the proportion of the total ] ,“'7

q‘cellular radioactiv{;y present in the on fraction decreased by only

.some 124 (from 67%. after a pulse to” 55/ after a pulse followed by a : =

>

l hr Chase) . . . : - L ‘\ . 7 . : . ‘ r .

A

' In contrast to reported observations of the polio system, intaét
‘-,% Mengo virus—specific polysomes could not be released from meﬁbranes.
S This may be due ‘to a’ "destabilization of the giant polysomes by

dissolution of supporting membranes, but it is.more likely that»it;is a’

@; df -_result‘of'swelling the cells in,hypotonic buffer, auprocedure Wthh is

— require e triples

during this procedure It has been suggested'(R.'McElhaney, personal

: communication) that when such ad extreme volume increase occurs,'thef ° A

e o

endoplasmic reticulum may open out and form a part of the’ plasma
‘membrane of the cell.' Any linear structures bound to the endoplasmic

reticulum‘would‘thus-be subjected'to extreme stress ahd- could ‘easily be

¥

sheared during homogenization. .3( o _'V- -.V>

Before resorting to Dounce homogenization, exhaustive efforts were

A o :
made to recover polysomes from extracts prepared by treatment of

' infected cells.with the non—ionie detergents Triton X—lOO and NP 40.
o All were unsuccessful. It appeared that although these detergents o . o

damaged the cell mémbrane and caused cell lysis, they did not: affect the‘



‘ endoplasmic reticulum or. the associated pelysomes, at all As a result

the entire complex remained attached to the nuclel (which are unaffected }

.'by these~detergents) and pelleted with them. Sucrose gradient analysés

G

: -
of . cytoplasmic extracts prepared by this. procedure gave results very

similar to those illustrated in. Fig 19 panel'D that is, the extracts,

contained a few small polysomes only. It is possible that undegraded o

virus—specific pblysomes could be recovered by a procedure which

combines detergent lysis and Dounce homogenization, particularly 1f._

‘these structures are broken down during the process of swelling the

’cells in hypotonic buffer. It would then be possible to examine
. -

- polysome size throughout the infectious cycle, and to. conduct definitive
.studies of viral polypeptide synthesis using the in vitro protein

>

synthesizing system described here.'-

o

.
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Y S Introduction -

Wright and Cooper (1974) have reported that, in poliovirus—f
infected HeLa cells, a iﬁrticle composed of equimolar amounts of‘the L

,capsid polypeptides VP O l and 3 is associated with the Smaller ribo—'

,somal'subunit. During the course of cOmparable studies with EMC virus— . :

:infected cells, Medvedkina et al 61974) failed to f1nd any ribosome—

;Cbound capsid proteins bht did detect large amounts of the non-capsid

o S et

.Fpolypeptide G- associated with 808 ribosomes‘ Matthews et al (1973) had "
vpreviously reported similar results with EMC virus infected cells, and
in addition, had reported that most of the ribosome—bound label in HRV—

flA—infected cells was found inna polypeptide of MW 76 000 which 1s:‘i

';,identical to that of the non-capsid polypeptide D Thus,vit was: of

: interest to determine whether any virus-specific polypeptides are boundj

to ribOSOmes in Mengo virus infected L. cells.

l T -

During thn;study, a’ subviral‘particle sedimenting at about SOS in'
':linear‘sucrose gradients was discovered Since there is no completely ;?h*’
convincing evidence for the occurrence of subviral particles in cells -
¥infected with cardioviruses,‘this finding was of considerable interestrss

_The results of studies on the nature’of this particle are presented here

T AR SRR TP
- ) B = ,,”v. w o N . B . . . ~'b . . P . ,‘ ‘ " v : \’ o
o, o _Matetials'and'Methods: ol

) g
.

T e
Infection of cells_x' .

[ s . '-'lft"

Confluent mdholayers of L. cells in roller bottles were infected
e with Mengo virus as described in Chapter V At 4. S to 5 hr ’after "y

.infection, the growth medium ‘wag replaced by amino acid deficient

- ',‘.“_11_1,.-'”



'medium and incubatiOn was continued for l hr. -At that time,'the amino

Nz

l acid deficient medium was replaced by the same medium supplemented with ,,“?:

a mixtureof C—amino acids (5 uCi/ml) After a 30 min labelling period

the cultures were rinsed with PBS and incubated with normal growth

o

"'medium for an additional 30 to’ 60 min befére being harvested Addition—

v

’ }al experimental details are given in the figure legends

yPreparation of cell extracts _ .

R o C " ‘.. o ~,A" T \“u B

The procedures described in Chapter v, for the preparation of cell

_extracts and for their separation into the 820 and P fractions were‘

- followed here with one’ modification.» The washéd cell pellet’was resusJ R

:pended for homogenization in 5 ml of a buffer containing lmM Tris (pH o

,7 4), 1. SmM MgCl and lmM KCl rather than in RSB. (IOmM Tris,,l“SmM Mg012

2:
and lOmM KCl) The extreme hypotonicity of this buffer resulted in

\

’~Textensive disruption of membrane—bound strUctures and gave maximum

‘.iyields of SOS material

'Sucros gradient analysis

'e All material having sedimentation coefficients of 155 or greater
:1was recovered from the 820 fractions by centrifugation for 3 hrs at’
' 45 000 rpm in a Beckman ‘Type 50 rotor (g 122, 249) at 4 C before |
1being analxzed by density gradient centrifugation The opalescent

. pellets were redissolved gently in 1 pl of 20—5 100—6 buffer with the'

'aid of a glass rod, and the samples were 1ayered ‘onto” chilled 34 ml ;-

-1inear (15-45%) sucrose gradients in 20—5—100 buffer, prepared over a L

‘5;3 ml. cushion of 60% sucrose.k The gradients were centrifuged for 12 hrsn

7lat 20 000 rpm in a Beckman sW27 rotor at 4 C after which they were’ ;};Y,(‘]';fég

'x'separated into 1 ml fractions using the ISCO density gradient fracti



*»ating system described in’ Chapter Y and a Buchler fraction collector

“4'(Buchler Instruments Inc , Fort Lee,ﬂy I, ) A 200 ul aliquot of each
i
fraction was added to a glass scintillation vial containing l]ml 10/

4

'”(v/v) acetic acid and 10 ml ScintiVerse scintillation fluid, and the‘

: radioactivity was measured in a Beck&an Model LS~230 liquid scintilla-

\
tion spectrometer. :

\ B

-Recovery and analysis of material from sucrose density gradients
e "

Appropriate gradient fractions were pooled diluted with 20—5—100—6

a [

P

buffer to reduce the sucrose concentration, and the material therein ;'

ﬂrecovered by high speed centrifugation.»40 000 rpm for 18 hr (I E. C
4

B B-60 centrifuge, SB 283 rotor) for the 15, 40 and SOS material, and

;_25 000 rpm for 18 hr -CBeckman L5-65 centrifuge, SW27 rotor) for those

L e

;pooled fraé%iqns containihg either BOS ribosomfs or: 1508 virus particles.-”

For polyacrylamide gel electrophoresis, pellets were dissolved in»

0. l ml 1ysis mixture (see Chapter IIl) and dialyzed against 0 Olh&

;'phosphate buffer (pH 7 4) containing 2% - SDS and SZ Z—ME before use
Those samples which Were analyzsd by centrifugation in CSZSO4

edensity gradients were dissolved in 2. 5. ml volumes of 20—5 100 buffer,

"diluted with equal volumes of an aqueous solution of 0s2504 ( .p= l 64-
p jgms/ml) and centrifuged to equilibrium (35 000 rpm for Zl.hr ) in a 7

g»nBeckman SW 50 1 rotor.» Fractions (6 drops) were collected from the

‘i;bottom of the tubes onto filter Paper discs which were’ air dri?ﬁ before'f :

o e : o

o being washed sequentially with cold 10% TCA, SZ TCA ethanol and acetone.:

Radioactiviﬁ? measurements were made in a Beckman Scintillation Spectro-.(f:

. SR
LN s
A U L o . - o

SR I B U v

"'meter (Model LS—230) using ‘a tolu?ne scintillation fluid

.




_ Results

ion of ‘the SOS particle - .'3 _'” 2 v‘i ‘

In order to determine whether any Mengo virus—sPeciflc polypeptides
. -

'h.become ti’htly associated with ribosomes during virus replication,

E large (34 ml) sucrose gradients which had been designed to. separate

: subunits are resolved clearly in such gradients ~Much of the radio-.,

‘,and 1—m1 aliquots were analyzed by velocity sedimentation using the

material (sed coeff. = SOS) was found at a position between those

infected L. cells were pulse—labelled for 30 min at 5 5 hr p.i. and'.i 3 ud'

"lharveéted after a chase period of 1 hr. The S fraction was prepared

20

ribosomes and large and small ribosomal subunits The results of one :‘
such'analysis are presented in Fig. 25 The pattern of absorbanee at

260 nm (lower 1ine) shows that virus particles, ribosomes and ribosomal

;S

\

factivity (upper line) was found to be asaociated w1th virions whichi

sedimeg:ﬁat lSOS but in addition a well defined peak of 1abelled —

E occupied by the ribosomal subunits.l A small amount of radioactive‘

(530

- as dﬁn

o~

e

protein was found to be associated with intact (8OS) ribosomes, and a.

_substantial amount was present at the top of the gradient.

Before any further studies could be carried out, it was necessary

° ’

to recover these particles from the entire cytoplasmic supernatant

20
| in. the Materials “apd Methods section of . this chapter in

v

fraction). The proceduqih;hosen was to centrifuge the S fraction

order to t all sedimentable material._ ThiS'pellet was then

o

separated into its variOus components by centrifugation’

Y

le sucrose density gradients.‘ The profile of radioactivity

from suchia gradient analysis is shown in Fig.‘26. As a



Figure: 25.° Gtédiéﬁt‘analysis of'fraétioﬁvszo'ftom L,cells;_preparéd
fection‘with Mengo virus. - Sedimeqtatio@,ié»from right

~ 6 hr. after in
to left.
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' COUNTS 'PER MINUTE ’x 10-3

' Figute 26.
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phoreticﬂanalysis._ “ o L /

-

result of the pelleting procedure, the amount of radioactivity remaining

at the top of the. gradient is greatly decreased thus making clearly

visible a peak of material having a sed. coeff. of about 15S. In

o 1«

'addition to the radioactivity present in lSOS virions, in 80S ribosomes

and in "50S particles, a small amount was also.found ‘to be associated

N

“ with the small ribosomal,subunit. . ‘ ' f . e

In order to determine which viral polypeptides were present in:

'these fractions, each was subjected to SDS polyacrylamide gel electro— a

; 0.
/ 3 2

a
-

Polyacrylamide gel electrophoresis of gﬁadient fractions

'the sedimentable compdhents of fraction §

Fractions obtained after sucrose density gradient centrlfugation of

20

° -

the horizontal bars in Fig 26, and the radioactive material in each

Y

were pooled as indicated by-

\~;pool was recovered by centrifugation as described in the Materials and

’

‘Methods section of this chapter. The pellets were resuspended in.

-

117

f'lysis mixture and analyzed on SDS-10% polyacrylamide gels.' Representf

¢

'ative electropherograms are shown in Fig. 27 It is clear that both :

the 158 and SOS,particles are composed of equimolar amounts of the
capsid polypeptides, €, O and ¥.  In the ISOSrvirions, a and y are f

present in equimolar amounts, but - little € remains since it is cleaved

Y

. to B and 6 during the assembdy process. In contrast, the 40S and 805

ribosomal étructures contain little if any radioactivity in proteinb

-'which are demonstrably virus—specific. When compared with gels prepared

from the corresponding fractions;of uninfected cells (data not shown),_

3

the 408 fracgion appears to be eﬁf&Ehed in polypeptide G. All ather .
é
peaks are also found in ribosomes of uninfected cells and thus may

v
\\.

v
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tepresent residual incorporation into ribq'l‘fl proteins. Between 70

and 80% of the radioactivity present in each of the’ pooled gradient

fractions was recovered from the corresponding gel. ~

From these data, it was concluded ‘that ribo mes isolated from

. Mengo virus infected L« cells by this procedure contain no bound virus—

.to be attached to the smaller ribosomal subunit.

~specifiq polypeptides, although a trace amount of polypeptide G appears

The finding that both ISS and 508 particles are :2mposed of equi-
mol&r amounts of the capsid proteins €, a and Y was an intriguing ‘one.

The lSS particle, whose sedimentation coefficient was not determined

adcurately in these studies, is probably identical to the 145 pentamer

-

first found by McGregor et al (1975),‘and whose polypeptide composition

. is (eoy) - The composition of the’ 508 particle indicates that it may

Tbe either an intermediate in the assembly process between the pentamer

' studies were carried out in an attempt .to distinguish between these two

. as before. The number of counts in each fraction was plotted as a. per—"‘ o

and the virion, or a "dead—end aggregate of CEE?T*pTBtEﬁEHTF“—ﬁInEcic -

Possibilitiea. ST L R \

Kinetic studies of Me g viral assemblx

Mengo virus—infected‘i cella were pulse—labelled for 15 min at
5. 75 hr. p i and cytoplasmic supernatants (820) were prepared after
chase periods of 30 90 or 210 min.' ‘The supernatants were concentrated

by centrifugation and the pellets analyzed on sucrose density gradients

‘centage of total counts recovered from the gradient as shown in Fig. 28: -

'~ The data show that the radioactivity in- both the lSS and SOS fractions

is transferred nearly quantitatively into the virus peak from which it

.',
. . . PN . . o
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seems safe to conclude that both are:viral precursors, and that 50S
!
particle is not merely a ”dead end" aggregate of (ecy) protomers.'
/ i
A SOS particle could serve as ‘a true assembly 1ntermediate 1n one

B o

- .of 'two, ways. either it could be the product of aszﬁb{ation of—the 358

viral RNA and a single capsid pentamer and thus serve as ar'seed" for-

further assembly, or it may represent the cardiov1rus analogue of the

.738 proeapsid found in cells 1nfected w1th enterov1ruses In an attempt

‘ N - - : . \

to distinguish between ‘these two alternatives, experiments were carried

out: to determine whether or not the SOS particle contains RNA.

°

" RNA in the SOS particle ‘

Infected L. cells were labelled with ll‘C—-amino'a'cids from'S'to 515

-hr. after infection. Ten minutes before the end of 4 30 min chase

¢

“-period, 3H—uridine was added to the cultures.. The cells were harvested:

'-at<6‘hrh after infection, fractionated and the sedimehtable components'"

‘f):

of fraction SZO isolated as described earller. Aliquots of thg latte

B3

were incubated at 37°C for 20 min in the presence or absence of 20 ugh

o

. RNase before being subjected to. veloc1ty centrifugation in sucr-' o

density gradients. The distribution of amino ac1d ( C) and ur:dine

C H) label in tHe gradients is shown in Fig 29. It is clear that the

~ amount of 508 material is unaffected by RNase treatment, which.decreases_;

.

both th:gzbsorbance at 260 nm (not shown) and the 14C—radioactiv1ty in
che rib me peaks by more than 304 Virtually,novlabelled uridine was .

o

' detected id the ‘508, region in either case. 'These data suggest that .the’

.

SOS particle does not: contain RNA
1,

The conclusion that the 508 particle is composed solely of protein

.
1

| was substantiated by the results of studies of its behavior during

B

-
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equilibrium c@ntrifugaLJOn in Cszbo8 denSLty gradients ' The results ;

illustrated in Fig. 30 showothat when 14C—amino ac1d labelled SOS

.~

particles were'centrifuged to-equ111brium in a'Cs SbA:gradient, Virtually o

all ‘the radioactivity was found at a buoyant density substantially

.o 0 R

lower than that of intact virions (Whlch were run in a parallel gradlent),;

but very close to that which would be expected of a partmcle containing

protein only. No radioactiv1ty was found near ‘that part ‘of the gradient

where viral RNA would- band (fractlons 4 65 and where the " §DS particle

Q .

would be expected ‘ta band wete it composed predomlnantly of RNA A e

1.
a

significant fraction of the radiolabel was found at a buoyant density K

n 3

lower than;that characteristic of " pure proteins, which suggests that
£ ‘ »

the SOS particles may contain membrane fragments. :

o P
e ... Discussion ’ 5°c';7 - o
~ L ) T . ‘ i . - 5 A
Ribosome—bound viral poiypeptides R FH, ;’- R a

o]

The data presented here suggest that there 1s little or no assoefa—_r>“

ot

tiop of virus specific polypeptides,w1th ribosomes ‘in Mengo virus—

L—::—» o

infected.L cells, the only evidenee for .an association being Ehe

¢ - o ©

14 s o N
detection of - trace amounts of polypeptide G 1n the sucrose gradient

oo~ N o-'- 3

fractions containing the smaller ribosomal subunit. These' observations%'

@
n’

differ from those published by several other groups.' Medvedkina et al

x.7

(1974) reported thht relatively 1argévamoun;s of polypeptide G are_°ﬂ ;"“‘

o " o«

associated with intact (808) ribosomes in EMC virus infected Krebs II
cells, and Matthews et al (1973)‘reported ‘a siﬁilar finding in the case

of EMC virus infected HeLa cells., The latter gr

©

.p 3lsb found what they
assumed to- be two~virus—specific polypeptides of .y;é- 76 000 and

P i R ¢'i ! ) 0. ; e

e
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L polypeptides VP 0 1 and 3.

38 000 associated with>ribosomes isolated from HRV lA-infected HeLa o

Q

_cells Wright and Cooper (}974) have reported that the’ ASS ribosomal

K2

subnnits isolated from poliovirus infected HeLa cells carry the cap51d

' It is not- easy to reconcile ogr observatlons with those of these

o ) -

o other workers, - particularly those concerning the association of :
-fpolygeptide G with intact ribosomes.' However, the apparent association

-‘6f capsid polypeptides with the Aowﬁzg‘ribosomal subunit may well be a

i-reflection of incomplete resolution of ribosomal subunits from a,
’ fstructure comparable to the SOS particle desctibed here.. ‘1t is pert—
= inent to point out that the patterns of labelled proteins found 1n the
408 and SOS fractions from mock—infected cells wereoessentially

&_ideﬁtical to those found in’ the same fractioqs from infeeted cells (the

c

"only significaﬂt difference being the presence of small amounts of

e

"polypeptide G i the AOS fraction from infected cells), and that the

molecular weights of these ribosomal proteins are close. to thqse of .
b'the larger (M w. > 20 000)"viral polypeptides" found ‘on ribosomes by

-

‘other workers. S T o

| The sos particle IR N PR

The assembly of the cardioviruses,'unlike that of the enterov1ruses,
,:appears to. proceed in a concerted fashion without the formation of
stable intermediate sabviral part1c1e§ | In only one\instance have such

sk

z.particleéobeen observed.‘ Prather and Taylor (1975) have reported the

i

‘detection of . 805 and 1258 particles in lysates of Mengo V1rusrinfected

r;‘Madin—Darby bovine kidney (MDBK) cells MDBK cells” are considered to_

o,

';lbe non*permissive for Mengo virus, since the viral output is only about

o Y B - N - . o
e . -

P e

e [
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LS pfu/cell Since neither the polypeptlde composition of these particles J

& , o

nor the kinetiCS of their formation have been established their p0531bleg

role as intermediates in the assembly process remains to be determined
Based on available evidence McGregor et al (1975) have proposed ‘
the following scheme for the assembly of EMC virions

. RNA | o
) Wy e, B9 57 55 v 5]

138 145 e 48 o o 1505 Virdon -

Although the kinetic studies presented here suggest that the SOS a

R

vparticle is an intermediate in ‘the" assembly process, its precise pOSition

in the scheme is as yeb'unknown It is not possible from the experiments

described here to determine whether the SOS particle is merely a revers—

llible aggregation of protomers (or pentamers), in which case the assembly

’ process could be visualized as’ follows,'

| 5os<———155 e Virus'
. or whether it is a procapsid like structure and a true in;ermediate‘in
1the-pathway of viral assemblym Diagrammatically, the scheme would then K
:bebregresented thus, . | ~ .

‘ .m0
B Ao 153——»50s—¥—>vlrus_*,,._ o

It is difficult to rationalize the low value of its sedimentation-

" coefficient 1f in fact the SOS particle plays a role in the assembly of

v"h Mengo virus analogous to that of -the 738 procapsid in the enterovirus"

°

'assembly pathway.» However, the CSZSO4 equilibrium centrifugation

)'studies reported here suggest that the SOS may be membrane ?ssociated.

N



the sedimentation coefficient. T 'fi'.”;

B Studies of attachment and uncoating have shown that the entire, cardio-

&

The presence of membrane fragments could concelvably retard its migra—

[

o\,

\"v

The well—characterized 73S procapsid and 1255 prov1rion are

>

‘ believed to be the products of‘successive steps in the assembly of’

' fenteroviruses. Whether similar structures are produced during the -

o
B

‘ ,asSembly of cardioviruses and have escaped detection due to their .

inherent instability,;or whether viruses in the two groups are assembled

M \; . * 2 R
.by different mechahisms has been a ‘matter for debate for some time._ L
- : » ) . /

@

- virus capsid structure iS\less stable than that of the enterOViruses

I

o . S

: tion through sucrose solutions and thus resulg in an anomalous value for

B (Joklik and Darnell 1961 Hall and Rueckertl 1971) Further character—

'~@ization of the 508 particle may shed ‘some light on this question. - _;f"
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