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ABSTRACT

The single-stranded RNA genome of Mengo virus was found to have
a molecular weight of 2.44 * 0.08 X 106. This value has been determined
from studies using the methods of polyacrylamide gel electrophoresis,
sedimentation in DMSO, sedimentation after reaction with formaldehyde,
and electron microscope measurements of the viral replicative—form RNA.

SDS-polyacrylamide gel electrophoresis of solubilimed purified
virus has revealed the presence of four major polypeptides, designated
a, B, v, and 4§, having estimated molecularx weights of 32,500, 29,600,
23,700, and 10,600, respectively. In addition, two minor capsid poly-
peptides were detected. The first (D2) has a molecular weight of 57,700

and the second (e¢), a molecular weight of .39,000.

Purification of the four najor capsid polypeptides has been

achieved by chromatography of solubililed virus on SDS-hydroxylapatite
coimrul. With linear gradients of sodi phosphate (pH 6.0 or 6.4) con-
taining 0.1X SDS and 1 mM DTT, the profeins eluted as separate peaks
between 0.25 and 0.45 M phosphate. Amino acid éﬁ-pouition analysis has
been carried out on each of the purified polypeptides. The § polypeptide
is the most interesting in this regard because it contains no histidine,
arginine, tryptophan or cysteine. The amino acid composition data also
confirmed the earlier SDS—polyacryln-ide gel estimated molecular weights
of a, 8, and v, and led to reevaluation of the molecular weight of §
from 10,600 t& 7,350.

From calculations based on the molecular weights'of the capsid

Polypeptides and the distribution of radioactivity among the capsid

components, it has been concluded that an average Mengo virion can be

Py



represented by the structural formula: RNA'(a,B,y.6)58_59~D21_2-51_2.

Amino- and carboxyl-terminal amino acid sequence analysis has

been conducted on each of the four major capsid components. The 8

»
protein does not possess a free N-terminal amino acid. For the a,
B, and Y proteimns, the primary amino acid'sequences of the ten residues
at the N-terminals have been obéained. The C-terminal peptide bond of
the vy protein was found to be resistant to carboxypeptidase hydrolysis.
Carboxypeptidase analysis of a, B, and $, however, has revealed the
C-terminal and penultimate amino acid residues. This data has been
interpreted in light of the proteolytic cleavages which generate the
four major capsid proteins from larger precursor proteins.

Finally, during the course of che;; atu&ie-, a method was
developed for the purification of proteins in quantities necessary for
physicochemical characterization. The protein to be purified is firet
separated from contaminants by preparative SpDS-polyacrylamide gel
electrophoresis. The protein 1is then electrophoresed from gel slices
into small colun;s of SDS-hydroxylapatite, and subsequently recovered
by elution of the SDS-hydtoxylapatite with 0.5 M sodium phosphate (pRp -

6.4) containing 0.1% SDS and 1 =M DIT.

<
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1. GENERAL INTRODUCTION

Picornavirus Classification

The term picornavirus (pico meaning small and ma signifying the
type of nucleic acid in the virion) was adopted for a class of small,
icosahedral, non-enveloped RNA viruses by the 1963 International Entero-
virus Study Group. By definition, the viruses included are 150 to 300 X —~
in diameter, are insensitive to inactivation by ether, and contain
(single-stranded) RNA. The Study Group dealt only with the small RNA
viruses of animals, leaving out those bacterial and plant viruses which
are clearly picornaviruses by these criter;a.

Accunulated data currently favours classification of picorna-
virutbes according to a scheme Isuch as that shown in Table 1 (Andrewes
and Pereira, 1972; Newman et al., 1973; Scraba and Colter, 1974). Al-
though the calciviruses are included as a subgroup, their larger size
and characteristcic .or'pholtig’y,\ (Zwillenberg and Bﬁrk:l:, 1966; Almeida
st al., 1968. Wawvrskiewice gg al., 1968) cl;lrly d‘iitin.uiahco them from
oﬁhor viruses in l'ahi. 1. The dhttnctivo base co-pbuciod of the calci-
v:l.m m (Imgg-, 1973, Burroughs .ul Brown, 1974) and the
und:lnc that the m posesas only mmor ' polypeptide
. (Bachrach and m. 1973; Burroughs and lm, 1974),“"ir
the miw- of thnc virwses. .Based on this information, Burroughs

-~
. and lxvn (1974) have mutod thet tln calciviruses be grouyped together

enphasizes

in a separate family called the Calciviridnc. u@e the calciviruses are,
not "typical" picornaviruses, subsequent usage of the tem Picornavirus

wvill be restricted to include only those virwpes comprising the first
, P :
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four subgroups in Table 1.

In addition, recent reports in the literature have suggested
that human hemmorrhagic conjunctivitis (Yamazaki et al., 1974; Esposito
et al., 1974), human hepatitis type A (Provost 2&.21'- 1975), and

Aleutian disease of mink (Yoon al., 1975) may be caused by picorna-

et
viruses. Since the viruses associated with these diseases have thus

far been identified as picornaviruses only on the basis of limited

biophysical and morphological characterization of the virion and its

RNA component, they have not been included in Table 1.

Properties of the Virion

The physical and hydrodynamic properties of intact pilcornavirus
virions have been well studied. The results of such studies on the .
ﬁ@ngo virion (Scraba et al., 1967) can be cons{dered as representative
of picornaviruses in general. In the electron microscope, negatively
stained Mengo virions appeared as isometric particles with a dry
diameter of approximately 27 nm. In aolution. the virus particles
beluved as ophetoids (frictional ratio of 1.10) having a diameter of
about 3!0 na and /containing some 0.23 g water/g dry virus. The sedimen-
tation coefficient (Szo:') of the Mengo virion vas found to ::e 451 S;
the diffuliog coofsicnt (Dzo,v)’ 1.47 X 10'-7 azloec; and the partial
specific volume (v), 0.70 ml/g. 'Su:ytituting these values in the
Svedberg equation, a particle weight of 8.3t 0.7 X ).06 was calculated

for the Mengo virion. : ' .



The RNA ConponentA

There is no evidence for the presence of 1ipid as an integral
component of the picornavirus virion, or for the essential ‘presence of

any carbohydrate other than the ribose moeity of the RNA @eckert.

1971; Burness et al., '1973). Consequently-, picornaviruses are comprised

only of an RNA molecule enclosed ,yin a protekin cqat. Infectious RNA has
been isolated from Mengo vit.ua (Colter et al., 1957), from poliovirus
(Alexander et al., 1958), from EMC virus (Huppert and Saunders, 1958)
and from ME virus (Franklin et al., 1959), clearly establishing RNA as
the picornavires genetic material. The infectious RNA was subsequently
shown to be single-stranded (Hausen and Schifer, 1962). Base composi-
tion am'lyle- have found no unusual nucleotides in picornavirus RNAs.
As wvell, with tﬁc possible exception of -o;. human rhinovirus genomes,
picornavirus RNAs have been found to contain approximately equimolar
amounts of adenylate, cytidylate, guanylate, and uridylate (Newman

et al., 1973).

Estimates of the picornavirus RNA molecular weight have ranged
from 1.2 to 3.0 X 106. Based mainly on sedimentation rates in the
ulEracentrifuge, esarlier studies found the poliovirus RNA molecular
weight to be 1.2 to 2.0 X 106 (for summary, see Cooper, 1969). Simi-
larly, Blu.gn and Schiifer (1962) estimated a molecular weight of 2.0 X
10% for ME virus RNA, while Burness et al. (1963) reported a value of
3.0x ]:06 for nl:.virns RMA. Scraba et Q (1967) calculated a molecu—

lar weight of 1.74 X 10 for Mengo virus RRA by inserting the RNA

sedimentation and diffusion coefficients into the Svedberg equation.

Shortly thereafter, Yenwick (1968) reported a molecular weight of

i+
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2.4 X 106 for EMC virus RNA based on the sedimentation rate of the RNA®
in buffered formaldehyde. Grnnbéulan and Girard (1969) subsequently
estimated the molecular weight of ;211ov1rua RNA to be 2.7 X 106 from
contour length -.n.urlneatc of‘the RMA in cicctron micrographe. Uti-
lizing the virus particle weight and the percent RNA (and protein)
composition of the virion, Burness k1970) calculated the same molecular
weight for EMC virus RNA. Finally, Tannock et al. (1970) confirmed that
the molecular weight of poliovirus RNA is larger than earlier ;ntinates
by reporting a value of 2.57 X 106 on the basis of polyacrylamide gel
electrophoresis studies. Summarizing the more recently reported values,
it is most likely that the molecular weight of the picormavirus RNA is

2.4 to 2.7 X 106.

The Protein Component

Amino acid composition analyses of the total protein from aéveral
different picornaQiru.ec have been reported. The results, which have
been tabulated by Rueckert (1971), show remarkable similarity. With
respect to the colposition'analylin of the total Mengo virus capsid
protein (Scraba st ;.__!‘.. 1969), there is an uck- of acidic residues
(glx, asx) cmrod. “. basic residues (his, arg, lys). The content of
sulfur-containing residues (1/2 cys, met) is low while the content of
non-polar residues 1. high (45 mole 2). Mo is also a high content
of non~g-helix fonm ruM (val. ile, sex, cys, thr, gly, pro;
Yasaen, 1963), vith the prou.u content dafig oxclptioully high (8 mole
X). With ti..td to a~halix contsat of the Memgo virus capsid protein,
Scraba ot a}. (1967) end Kay st al. (1970) have calcuiated from optical

Ao o8



rotatory dispersion and circular dichroi.g measurements that the protein
of the Mengo virion in situ possesses less than 5:4?-h¢11ca1 confor-
matio;.

Sedimentation of total picornavirus capsid protein in sucrose
density gradients or in the ultracentrifuge has indicated that the poly-
paptides of-polioviru. (Maizel, 1963), ME virus (lu‘ckn:t. 1965), and
EMC virus (Burness and Walter, 1967) were each single species of
molecular weight 26,000 to 30,000. Polyacrylamide gel electrophoresis
analyses, however, revealed that the picornavirus capsid protein is
comprised of several types of non-identical polypeptide chains (Maizel,
1963; Summers et al., 1965; Rueckert, 1965; Rueckert and Duesberg, 1966).
With the discovery that the electrophoretic mobility of a polypeptide
in SDS-containing polyacrylamide gels is (toa first approximation)
directly proportional to the logarithm of the polypeptide molecular
weight (Shapiro et _;_1.. i967; Weber and Osborn, 1969; Dunker and
Rueckert, 1969), it bccﬁc possible to determine -Mtamuly both
the number of different vpolypcptidu eo-priqixg the picormavirus capsids
and th.ir,ioloculng weights. Por c:—plc.' in the case ok pol:l.ovirui
(Maizel and Summers, 1968) and ME virus (Rueckert et al., 1969), four
major &pcid polypeptides have been found with molecular weights ap-
proximately 33,000, 29,000, 25,000 and 6,000 to 10,000. Similar studise
on the polmtuo'oo-paitim--of_ipc.w virus virisats
(0'Callaghen ot al., 1976)‘. however, Pound. only tl;roq major capsid
protains of molecular weights 31,000, 28,000 and 20,000. Of the three
virus variamts ow. only M-Mengo was !@u oonuiu a fourth
polypeptide of molecular waight approximately 10,000. ,



Morphology and Architacture of the Virionl .

Although the morphological unit or capsomere (Caspar et al.,
1962) organization of many different icosshedral viruses has been deter-
ained from electron microscopy of negatively stained particles (Madeley,
1972), this has not been the cas; for picornaviruses. Their capsids are
extremely compact and are not_ penetrated by the heavy salts commonly
used as negative stains. It is for this reason hat the virus particle
surface detail is not readily distinguishable in electron micrographs.
It is not surprising, therefore, that on the basis of examination of one
or two " vourasply oriented" particles in a large group, it has been
reported that the poliovirus capsid 1s composed of 32 (Mayor, 1964) or
42 (Agraval,;l966) or 60 (Horne and Nagington, 1959) capsomeres.

Prom earlier X-ray diffraction studies of ﬁolioviruo crystals,
Finch and Klug (1959) had concluded that the picornavirus virion pos-
sesses icosshedral (3532) symmetry. From the observed regular modulation
in intensity of the wtneth-uy-. they calculated that the virus
upuid is cc.oood of 60 umtnuuy qunlu: asymmetric units, each
60 to 65 l i diameter. ttﬁl ﬁt possible, however, to define the
mm..-.tot thumuﬂuurion

The tu-h-m in '.to 'uu- of ncormim architecture
was provided largely byw: ad eolmram- (Ruackert et al.,
1969; mym b t, 1971) -ﬁ. 1&:“ of exsmining intact vir-
m-.nmm v disdbciation Mu formed under comntrolled
conditioms. Ie hu‘h-n showa thet tha cardioviruses, ME (Dunker and
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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 0.2 M chloride or bromide ions. This inactivation is accom-
panied by the dissociation of the Qiral capsid into protein subunits
which have a sedimentation coefficient of 13 to 14 S and a molecular
weight of 400,000 to 450,000. Rueckert et al. (1969) found that the ME
virus 14 S subunit contains equimolar amounts of three polypeptides,
designated a, B, and y (molecular weights 33 000 30,500, and 25,000,
respectively). Incubation in 2 M urea caused‘ \QeAch subunit to dissociate
further 1nto five 5 S fragments having an lpﬁ%hate molecular weight
of 86, 000 and the same polypeptide comp 1t1ap ‘as that of the 14 S sub-
unit. Thia data was 1ncorporatedﬁ dai A" he ME virus capsid
(Rueckert et al., 1969) wherein the basic -truc!&I unit is an aggre-
gate of one molecule of each of the a, B, and Y polypeptides (i.e., the
L fnglc_n:-). These structural units aré then bonded together in
clusters of five to form the 14 § subunits, one of which is centered at
each vertex of the 1co_lahedr¢1 virus capsid.

ko—-em_imtion of the Mengo virus polypeptide composition has
shown that the Mengo virion possesses four major polypeptides of ap-
proximately the same molecular weights as those of polio or ME virus
(ziola and Scraba, 1974; see Chapter IV.). Mak et al. (1974) subse-
quently ejiamined the pH and urea disgociation products of Mengo virus
(1.¢., the 13.4 8 oubun_it and thc 4.7 S fragment) as was done for ME
virus (see above). ﬁn'm-yolyactymuc 901 electrophoresis studies,
uiu decernised that the polypeptide cospositions of the Mengo 13.4 8
‘m .‘ Q 7  } !n.nr. axe tb sams as the compositions. of the

m l. m W nuucu. 'Electron picrompc studies



demonstrated that the Mengo 13.4 S subunit ha% aJwell def ined, slightly
ellipsoidal shape with surface dimensions of 16.8 X 14.2 nm. The 4.7 S
fragment was found to have an approximately spherical shape of diameter
6.8 nm. Upon dividing the surface area of the 13.4 S subuniit by the
surface area of the 4.7 S fragment, a value of 5.2 was obtained, which
strongly suggests that there are five 4.7 S fragments per 13.4 S sub-
unit. Similarly, by dividing the surface area of the Mengo virion by
the surface area of the 13.4 S subunit, a value of 12.0 vul_obtnin.d.
Conleqﬁontly.hthe Mengo virus capsid can also be represented by the
model proposed by Rueckert et al. (1969) for the ME virus capsid. The
morphological unit or capsomere can be considered to be the 13.4 S sub-
unit (12 per virion),ivhilo the structure unit is the 4.7 S fragment
(60 per virion, corresponding to the 60 to 65 | asymmetric structure
unit originally proposed by Pinch and Klug, 1959).

AlthPuch a better understanding of the picornavirus capsid archi-
tecture 1--nov available, the clucidlgion of the total capsid structure
is not complete. Two major problems remain. First, the exact nature
of the interaction of the three qon-idintical polypeptides comprising
the fundamental structural unit is not known. The polypeptides may be
locitid at -bccitic sites in the 4.7 S fragments or they may cxi;t as a
single interwoven "trimefic" complex. It is also possible that the
actual arrangement is somewhere 1nbct\n.n, for example, an interwoven
complex of the o and y polyl.nptidcl could occupy a discrete part of the
4.7 8 structural unit as would lll9 the remaining protein, . Second,
the exact location of the smallest capsid polypeptide (molecular wesght
6,000 to 10,000) is wnknown. Mak. _ggs (19'14) have proposed that this
_mz&uWhm mmmwmumcaeu
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of each of the Mengo virus icosahedral facets. In the case of bovine
enterovirus, however, Johnston and Martin (1971) have proposed an
Internal location; while for Coxsackie B3 virions, Philipson et al.

(1973) have proposed that the smallest capsid polypeptide is grouped
\

in pentamers at the vertices of the icosahedron.

-

Biosynthesis of Virus—-Specific Po;xggptidc' and Assembly of the Virionl

In early studies of the poliovirus replicativw® cycle, some four-
teen different virus-specific polypeptides were dongt.d in infected
Hela cell cytoplasmic extracts (Summers et al., 1965). Four of these
were gshown to correspond to the virus capsid proteins, designated VP 1
to 4, while the remainder were non-cepsid viral proteins (NCVP) 1 to 10.
The sum of the molecular weights of the fourteen polypeptides, as esti-
mated by SDS-polyacrylamide gel electrophoresis, was approximately
450,000. This is nearly twice the theoretical codimg capacity of the
poliovirus RNA (i.e., an RNA molecule of molecular weight approximately
2.6 x 10° contains some 7,500 nucleotides and can code for a maximm
protein mass of about 275,000 daltons). This inconsistency was resolved
when a study of the kinetics of formation of the Qiru.-lpccific polypep—
tides revealed that the Ligh molecular weight proteins produced early in
infection were cleaved at later ti-.s :oryicld the smaller capsid and
non-capeid polypopt:uiu (Suamers and Maizel, 1968). s:lnihr posttrans~
lational cleavages have been shown to occur m' the rqlication of

-1 A Wn treatment of this subject is found in reviews by
Casjens and Xing (1975), and Bershko sud FPry (1975).

N
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other picornaviruses, including a coxsackievirus (Kiehn and Holland,
1970), a rhinovlrus (McLean and Rueckert, 1973), and the cardioviruses
EMC (Butterworth et al., 1971) and Mengo (Kiehn and Holland, 1970;-
Paucha et al., 1974).

l ‘ ) ammber of studies have strangly suggested that the entire
picornavirus RNA genocue is translated in the infected c¢cell into a single
"polyprotein” molecule of molecular weight approximately 260, 000. Giant
polypeptides of greater than 200,000 polccu]:nr weight have been observed
in picornavirus-infected cells fn the presence of aming acid analogues

(Jacobson et al., 1970; Paucha et al., 1974), in the presence of zinc
ions (Butterworth and Korant, 1974), or in thc‘ presence of protease in-
hibitors (Korant, 1972; Summers et al., 1972). Giant polypeptides have
also been observed during the replication cycle of temperature-sensitive
poliovirus mutants at the restrictive (t-porature (Garfinkle and Tershak,
1971). Under normal infection conditions, however, it appears that this
“polyprotein”" is unstable ‘and undergoes specific proseolytic cleavages
<“while it is still in t§¢lprocu. of b synthesized. For esample, in
both polio and EMC virus—infected cells, the largesst polysome byﬂ-
nascent polypeptides found had moleculs nﬁht- of approximately
100,000 to 130,000 (Jacobson st &k, 1970; Buttervorth and Rueckert,
1972a).
— Aa;ly-n of the products of cell-free protein syuthesis directed
b% BMC or poliovirus MIA imdicates there is only a single tramslation
, ctacion site (Gbeiy and Shatkin, 1972; Boime and Leder, 1872). Sub-
sequent to translatiom uumug, it appears that a short "*lead-1n"
peptide 1s cleaved off (Obers sad Shagkis, ‘1.972; smith, 1973). It has
been suggested t:-;: a single hichdn aice requires equimolar

-
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synthesis of all virus-specified proteins (Jacobson and Baltimore,
1968a; Butterworth, 1;73). This appears to be the case during EMC
virus replication (Butterworth and Rueckert, 1972a; Butterworth, 1973).
Lucas-Lenard (1974) and Paucha et al. (1974), however, have shown that
at late times in the Mengo virus replication cycle (6 to 7 hr post-
infection), there is an increase in the amount of capsid protein synthe-
sized relative to non-capsid protein. Since the capsid protein is
translated from the 5' end of the RNA, it has been suggested that the
translation of the Mengo virus genome is under some kind of coatrol and
a model has been proposed in which a virus“gpecified protein acts as a
specific term{nation factor (Paucha et al., 1974).

A comparison of the synthesis of virus-specified proteins 1n‘
cells infected with polio, EMC, and a human rhinovirus has shown that
the pattern of polypeptide cleavages among these representative members
of three picornavirus subgroups (see Table 1) 1is very similar (Butter-
vo;'.:h, 1973); and it has been shown that the Mengo viru-'-npccific poly-
peptides arise by a series of posttranslational cleavages nutly. iden-
tical to those pbserved with the other pioornnvit\uo; (Paucha ot 31.,
1974). Summarizing the results obtained in the Mengo virus replication
studies: (a) there sre thres large, primary gene pro&.:cr.o. designated
A, 7, and C, resultding from cleavages of the fiascent ‘“lpoi”totcin"
molecules (b) two -nuct, stpble weﬁuuw{l boly_pcptm. G and
B (of molecular weights 16,400 14,000), alee appesr to be primary
cleavage preducts; (c) polypeptide'? 1s & stable emd product of molecu-
lar waight 38,000; (4) polypeptide C undexgoes further proteolytic
cleavages to produce the o‘ubh non~capeid polypeptides I and £ (og
‘moleculsr weights 12,600 and 56,000); and (s) polypeptide A 1is the

o
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precursor of the capsid polypeptides, which are believed to ‘@e produced
by the following sequence of cleavages (SDS-polyacrylamide gel electro-
phoresis estimated molecular weights X 10_3 are given in brackets). The
poliovirus cleavage scheme according to Butterworth (1973) 1s included

for comparison.

MENGO POLIO
A
— W4
P4
0 % - *
[
.—-ﬁ_‘ D2 ——m————d v X
o) 3 —
VPO vr3
Y a “ ae
A R X '
8 B VYR2
7 AT = —

Using pactamycin to inhibit protein synthesis 1n1t1.c19n in infected
cells (Summers and Maizel, 1971; Butterworth and Rueckert, 1972b), it
was established that the gene-order (from the 5'- to the 3'-terninu.
of the I&A) for the stable Mengo virus—specified ptotein. is: 6, B, 7,
a, G, H, ¥, I, and E (Paucha et al., 1974).

Very littlc is knowm abou: the mechanisas involved in the clea-
vage of the picotnavirus precursor polypcptidc-. Kornnt (1972) has
-ug;ut.d that thers are two distimst types of proteases involved in

the cleavages which lead to the four poliovirus capsid polypeptides.
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From in witro experiments he has shown that ui}nfocted cell extracts can

carry out the primary cleavages of the nascent polioéir.. “polyptotoin“
and that these cleavages are inhibited by inhibitors of serine proteases.
The specificity of the primary cleavages was found to reside in the con—
fof,ation of the‘"polyprotcin" since the action of a~chywmotrypsin on the
native molecule yielded products similar to those obtained with infected
cell extracts. When a-chymotrypsin acted upon donnturo; "polyproteih".
however, only low ;olcculnr weight fragments resulted. In addition, in-
fected cell extractolvere.,.found to cleave the "polyprotein” to the pxo-
teins found in poliovirus empty capsids (iée below). Consequently, it
appears that both host and virus-specified (or induced) proteases are
required for the p:.cessing of picornavirus polypeptides.

Considerable experimental wori‘has ' et 'ne in an attempt to
elucidate the pathway by which picornaviri.e- :.e assembled. Jacobson
and Baltimore (1968b) found that 73 S empty capsids accumulated in Hela
cells which were infected with poliovirus in the Presence of 3 mM
guanidine hydrochloride. Upon removal of the guanidine, the radio-
actively-labeled protein material of the enpty capsids was conve;ted
into mature poliovirions. From these observations, it appeared that the
73 S particle is an intermediate in the virus assembly process; conse-
quently, it vas termed the "procapsid". It had’previog.l} been shown
thnt.the poliovirus :-pty ccp;id. vhich occur during the course of a
normal infection contain the polypeptides VPO (this was 6rigin111y

"termed NCVP6), VP1, and VP3; whereas the capsid of the mature virion
contains VF1, VP2, VP3, VP4, and only a very small smount of VPO (Maizel
at al., 1967). Fernandes-Tomas and Baltimore (1973) mqm’uy re

Ported finding a 125 § particle in poliovirus-infected cells which "

»
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composed of VPO, VP1l, and VP3 plus an single-setranded 35 S viral RNA
molecule. This particle was termed jthe "provirion" and from its exist-
ence, it appears that during the morphogenesis of poliovirus, the RMA is
1n;:rtod into the 73 8 progaplid prior to the final proteolytic cleavage
which yields the mature virion (i.e., VPO + VP2 + VP4).

Studies by Phillips et al. (1968) had shown that poliovirus in-
fected cells also contain 5 S and 14 S particles which possess the same
polypeptide composition as the 73 S procapsids. Sub-oqucnt experiments
demonstrated that the 14 S particles could be adsembled in vitro into %
73 S structures (Phillips, 1969, 1971). Addition of ic rough cytoplas-
mic fraction from infected cells greatly enhanced the 14 S particle self
assembly (Perlin and Phiil.ipl, 1973), suggesting that in vivo the 14 S
particles are assembled into procaplid- on rough cytoplasmic membranes
wvhich have been modified by a virus-specified or virus-induced protein.
On the basis of these and the above data, the following scheme has been
proposed for poliovirus morphogenesis (Phillips, 1972; Casjens and King,

4

1975):

NCVP1——e- (VPO, 1, 3) ———e (VPO,1,3) ;——[(VF0,1,3) 4],
58 14 8 - 73 8 procapsid

. VE2,4 VPO
RNA® (VP1,2,3,4) oo S RMA: [ (VPO,1,3) )55
150 8 mature virion : 123 8 pmiriyn'

The major ctluei- of the u’uianu on which the propoud*‘
ua-uy p}:hny ie buod u that nocunr-ym&nt rmm betwesn
mvummmmthmwmvynho—chu :

anmmu-“mwmmudm
v DA RO o
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intermediary structures. It must also be considered that some of the
particles may be the pro&t of abortive assembly Pather than structural
intermediates. In this regard, Ghendon et al. (1972) have shown that
poliovirus-infected M10 cells (from rhesus monkey tonsils) do not accu-
mulate 73 S empty capeids in .thc presence of guanidine; instead, 14 S .
particles accyhulate. Upon removal of the guanidine, ‘t.he 14 S particles
appear to cpnvert directly to mature virions. No 73 S procapsids are
formed, suggesting that thuc. particles may not play an obligatory role
in poliovirus morphogenssis.

Although procapsids (and presumably, ptovi.:ion-) are generally
agssociated with poliovirus infection, these particles are nof produced
in all picomvirui infections (Table 1). The cirdiovimu (the most
notable exceptions, :ln his regard) do, however, form other sub-viral
particles during:j replication cycles. Upon examination of cyto-
plasmic extracts C vinu-infecﬁd HeLa cells, McGregor et al. (1975)
found two capsid precursor particles which sedimented in glycerol gradi-
ents at 13 S and 14 S, respectively. The 13 S patt:l_.cle wvas detected
following & 10 min pulse with radiocactively-labeled amino acids at 3.5
hr post-infection. When the pulse was followed by a 20 min chase, the
13 s particle was replaced by the 14 S particle. lloctropb;totié analy-
sis revealed that the 13 S particle contained only the capsid precursor
protein A (wolecular weight approximately 100,000). The 14 8- particle,
however, was found to comtain equinolar smounts of three polypeptides:
¢, a, asd y. From n with the. acidic pH (+ 0.1 M C17) dissocis-
tiom nv&uc: of cho Bc viuou. it m coneluded t:h-t these two particles
mumdwmummdm 138-(‘), 168-
(‘"."7)5' luod on this dlt.. lleﬂrq-t QQ (1973) proposed r.hc

o
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t’ollm'tlu_-cb-o for the assembly of the EMC virion:

A V(A)S y (‘-“oY)s——'—_—’m' (anq:706)s7.s" (eyaoY)z‘:,

13 8 14 8 150 S pature virion

From this scheme it would appesr that formation of the cardiovirus
capsid from the prscursor 14 § particles, encapsidation of the viral RMA,
and the final proteolytic clesvage (¢ + 8 + ) must occur in a htghly
concerted fashion. However, @xamination of cytoplamic extracts of Mengo
virus-infected L cells has revealed the presence of N sub-virsl particle
having a sedimentation coefficient of approxiﬁt.ly .50 § (E. Papcha,
personal communication). This 50 8 particle may be a "eondcﬁaa'tion” pro-

- duct of viral m and viral Q@psid protein since it can be radiocactively-

labeled with both Jll-ur:ldhe and lac-alino acids. Electrophoretic

analysis of the protein component has revealed the presence of approxi-

\41 =

mately equimola™amounts of three polypeptides+ ¢, a, and y. Conse~
r .
quently, it is possible that the Mengo viral RNA may associste with

capsid protein prior to the final lorphogcnctic cleavage of - the €

. Precursor protein to the ccpcid polypcptidu B and ¢. 1In n-.ry. while

Mitb.t of the viru- assembly och-.u outlined appears to enco-puu all
cv-uaph information, uch provides a good starting point for furthcr
upa:!-nt- duw to d&i‘ln m ptm uu-bly proccu

It must be rm n-. ﬂ; ﬂ- m dufam b.m- the

’ -u:m Wm (.., DUC ind Mesgo

virme) asesmbiy 'y fj_ -u h & m umzn of fundesmmesl
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With this 1nfomtion.u'bcek.romd. exper imants were undertaken
to further characterize the Mengo virus -‘:ructunjl components. - This
thesis sumarizes data obtained regarding: (1) the woleculsr weight of
the viral RNA gedome; (2) the number of non-identical polypsptides in
the virus capsid, thq.r individual molecular weights, and ﬁhc quantities
of ueh pr‘oont por virus particle; (3) the isolation of the individual
capsid mlmtidu; and (4) the chemical characterization of the puri-
fied capsid components by amino acid analyeis and by N- and C-terminal
sequence anklysis. The results of these studies are discussed with
rupﬁct to the information obtained about the structure of the virion

and 1its nédc of assembly.



II. ROUTINE MATERIALS AND METEODS

Growth sedium. Minimum m-t.ul wediwn F-11 containing Barle's
salts (Barle, 1943) .and Ragla's nutrieats (lnl.o. 1959) was purehmsed in
powdered form from the Grand Island Iulqtul%o.. Grend Ilhd. N.Y.
The powder was dissolved in deionised distilled water and sodium bicar-
bonate added to a tiul eo.emtm of 0.12%. After sterilisstion by
Millipore fileration (0.22 ym pore sise - Millipore Corp., Dedffrd, Ma.),
the "h..l—.l.dit-" was supplemeated by the lddition of the following
‘materials: R : \

Q) &‘c serua (Flow Laboratories, Rockville, Md.), either SX
for the growth of cells or 1X for the pro?ctton of virus.

* (2) Penicillin G (clm-h1m Ltd., Toronto, Ont.) and
Streptomycin sulfate (Sigma Ch-ical Co., St. Lou:lav. Mo.) at final con-

centrations of 100 I.U./ml and 50 g/ml, rupoctivoly;

M m enwooiuon of this medius 1- identical to
growth -uu.u- except for - uln a-!.um of caleiwm frcq tho starting -
' powder (minimum m Regle's medium P-14, contaising spimner
calts - Orand Teland Bielegteal Co.). '

mo munu of Memgo mmnuu
A mmwmmdbym- '
'nmuuxmodx.
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Cultured L Cells

Rarie's L-!:’ ntni: of mouse fibroblast cells (Sanford et g.
1948) was used for the propagation of tho ‘three Mengo virus -vitu.t-.
The cells were obtained from ths Americem Type Culture Collection,
Rockvills, Md.

L cells in growth medium were added to l-litre Blake bottles
(Kimble Products, Owems-Illimois Co., Toledo, Ohio) amd incubsted at
37°. Upon growing to confluent monolayers, the cells were detached by
replacing the growth medium with 0.25% trypsin (Difco Laboratories,
Detroit, Mich.) in 10 mM sodium phosphate, pH 7.4, containing 142.8 aM
NaCl and 2.8 mM KC1. The trypsin solution was rm after an incuba-
tion af room temperature of approximately 15 seconds, A portion of the
 trypsinized cells was then suspended in fresh growth medium and ‘used to Ve
reseed nev Blake bottles. The r-Qmm cells were suspanded in spinmer
medium and tramsferred to 1- or 2-litre spinmer flasks (Bellco Biologi-
cal Glsssware, vmund. N.J.) at a conceatration of 2 X 1()5 cells/ml.
‘l‘bo ed.lt,)utc kept in. nnpm:lon by means of a mcic stirring device
‘md Wtd at 37° to allow further growth to tah place.

Conflusnt L.ccll'. monolayérs were preparad in large cylindrical
bottles (A0 == l 110 - d ter ~ Bellco l:lologic'al Glassware). The
bottles vere fivet eutd with fetal ‘calf serum (Flow Miu) to

!wu!hIMMﬁh.dtcmmﬂdnwu

'moalld 1L calls harvested from suspemsion culture
“:o.tuathn.l‘mcmu mtdy m‘

botth- vd- ronut o s ‘Bslloo rouc m‘m at
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after which the speed was incressed to 1 rpm. Cell growth was confluent

after incubation at 37° for approximat 48 hr. The growth mediwm (5%

horse serum) was then replaced by 20 f growth medium (1% horse serum)

10°

containing the virus inoculum ( Pru/al - equivalent to

. . L}
a maltiplicity of infection of 10) tles were then rotated at
0.2 rpm for 3 hr and at 1 rpm for an additional 20 to 24 hr. At the end
of this time, the cell mass was dislodged from the glass by gentle

shaking.

Virus Puruigtggg

The procedure described by 2iola and Scraba (1974) was used for
the purification o!%o virions.

‘Lysatss of infected L cell cultures ware pooled and centrifuged
at 1,000 g for 15 min. The pellet was resuspended in a small volume of
distilled water, frosen and thawed twice to release trapped virus, and
Teceatrifuged. The combined supernatants were chilled in ice and the
virus was procipiutu thcrcfro- by l“ill. cold methanol (-20°) to a
fimml cooccntution of 20% and allowing the ool.ution to -und overnight
at 4°. The precipitate was collected by centrifugation at 5,000 g for
30 min, resuspended in 0.2 M sodium phosphate buffer, pH 7.8, apd ho-
mogenized by hand in a tissue homogenizer (Artbur H. Thomas Co.,
Phﬂ.adtlphh. Pa.) to di.rugt large l;grq;,toa. A solution of a-chymo-
trypsin (3X crystallized - Worthington Biochemicals, Freehold, N.J.) was
added to give s final enzyms comesntration of 0.8 mg/ml, and the mixture
incubated wi& igittm at 37° fer 20 lin. An equal volume . of 0.2 M
sodfum pyrophosphats, pil 8.0, waé addéd end the incubation continued for
an additional 20 min. The miztwre was then chilled and clarified by

Yo
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centrifugation at 20,000 g for 10 min. Virus wes sedimented from the
supernatant by ceantrifugation at 120,000 g for 60 min and resuspended by
hc-o;c'ntution in a small volume of 0.1 N sodium phosphate buffer, pH
7.4.

The partially purified virus wvas sedimented through ‘a discon-
tinuwous sucrose gradidnt (13 ml of 15X sucrose layered on 13 ml of 30X
sucrose) by ceatrifugation for 20 hr at 2-0.000 rpm in a Spinco SW 27
rotor (4°). The pellat was resuspesded in 0.1 M sodium phosphate, pH
7.4, sgain vith homogenisation, and ningd with sa aqeecus solution of
00280‘ (finsl. dengity = 1.31 3/¢3'). After cemtrifugation for 20 br at
40,000 rpm 1o a Spinco SW 50.1 rotor (4°) the virus, which appeared as
a vhite band in the middle of the gradiemt, was collected through the
s1de of the tubs vith a syrimge. Sslt was removed either by gel fil-
tration on a G25 Sephadex column- (3 _2 X 20 cm) or by dialysis against

0.1 M sodium phosphate buffer, pH 7.4.

Preperation oz"uaogggvuz Labeled Virue .
%—midm labeled virys. Individual roller bottles'af L cell
monolayers vere :lntcctod with virus (10 PYU/cell) suspended in 15 al of
growth medium containisg 2 ug actinomycin D/ml (Schwarz/Mann Bio-
chemicals, Orangeburg, N.Y.). After incubating at 37° for 2 hr, B~
uridine (Mev Rngland luclur. Montresl, Que.) in 5 2l of growth medium
- was added to esch bottle such that r.b. final isotope concentrasion was
1.5 uct/ul. After a 20 to 24 hr incubation at 37°, the virus was har-
vested and _;urifiod as do-cﬂbu | ‘

9 14 8 ] 4 . L cell -onolnyor. were

m«mnaﬁmwuammmorm'
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nutrients in Barle's mediwm from which the amino acids were omitted,

14&

and supplemented with 1X horse serum and s mixture of 3I- or
labeled amino acids (at final concentrations of 2.0 and 0.4 uCi/mi,

relpcct.ivcly - New Bagland Nuclear).



I11. MOLECULAR WEIGHT OF THE MENGO VIRUS RNA GENOME

Intro tion

The molecular weight of a virus genome, and directly tharefrom
ite -uht- protein coding c.apncity, must be known befora undertsking
studies to determime the number of virus-specified proteine symthesised
during the replication cycle of the virus in an infected cell. In the
ofse of the plesrmaviral RMA, mt'wumummc(m’r
ported a molecular waight of 2.5 to 2.7 X 10° for 1cts sodiwm salt.

(Paowick, 1968; Cramboulsn snd Girard, 1969; Tasmock st al., 1970).

Assuming s meas nucleotide residue waight of 343, an MM molecule of

this size would contain approximstely 7,500 nucleotides. Based on a
mean amino acid residue weight of 110, such an RMA molecule could speci-
fy s maximum protein mass of 280,000 daltons. The Mengo RMA molecular

¢

6 repogted earlier ¥ Scrabe et al. (1967) could, on

weight of 1.74 X 10

this basis, code for a maximum protein mass of only 185,000 daltons.
ﬁr.timtl wore undertaken tharefore,:to determine if the re-

ported sise wkc'tuco between the Memgo RMA and the RMA of the other

picornaviruses h ia fact real. The results of these studies sre re-

ported iy this chepter. ‘ ’

W' -

Mn_et_zsw The method outlindd for the

puuuuu- ot Newgo virtous wi 2 »nm-. -uugm

_quantictes of polievirus, Wister Chmt e T, z-m of infacted
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Seia ‘l. She Bela ocells vere obtained from the American Type Culture
Conm!o- and maintsined in tissue culture as described for L cells
with tAho exception that fetal calf serum was used in~gplace of horse
serum. Bacteriophage R17 was a gift from Dr. W. Paranchych, Department
of Biochemistry, University of Alberta, and TMV was purchased frem
Nutritional Biochemicals Corp., c1¢nu-1. Ohjo. I:A was extracted from
thess viruses, as well as from Mengo virus, by the phenol-macaloid-SDS

procedure of Screba et g§l.- (1967).

Emtzaatios of sslinlsr ribwmslestes. L cell riSM was isolated
by a -oduiu:m of the method of Scherrer and Darnell (1962). L cells

groving in suspension culture wers eollgcul by cuttu\.’cion and re-
suspended in "NNA buffer” (0.06 M NaCl, 0701 M TRIS, 0.001 M EDTA, pH
7.4) at approximately 20 X thair original coﬁcu:r.tion. The cell sus-
pm:!.on was made 0.8 & 0.2% with respect to SDS and sodium deoxy-
cbolato.r and shaken mechamically for 10 min with an equal volume of ENA .
buffer-saturated redistilled (phencl. The ﬁppor aqueous layer and the
material st the interface were recovered after centrifugation (1,500 g
for 15 min), shaken again with a fresh aliquot of phenol, incubated at
§S° for 5 ain and then chilled in ice. After centrifugatiom, the
aqueous layer was cellected end residusl phenol removed by extraction
vith ethar. The HNA wae precipitated by addiog three volumes of 9%
‘othplulomdu-w s

Wesn M m 18 8 YSMA was required, monolayers of
nmmmaMummm containing 1.3 pCt
Siuridiss/ul (Sev Taglapd Muclesr). mus:m-umhcuw
rete seml w%mmﬂmmum 1imear

'. PR
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gradients of 5 to 30X glycerol in "EA buffer'. Sedimentation was fopy
20 hr at 25,000 rpm in a Spinco SW 27 rotor (4°).
Radiocactively labeled 23 S and 16 S bacterial rRMA were prepared

by groving K. coll in complete broth medius containing 1 uCi 1‘C-

uracil/ml (Schwarz/Mann Biochemicale). After harvesting, the cells were

converted to protoplasts by a 7-uin incubatioo at 4° in "PMA buffer"
made 0.45 N in sucrose and containing 80 ug lysosyme/ml. The proto-
Plasts were them collected and the riilA extracted as described abovs.

9a) siscsreshesesis of ribemmgladtes-  Recrystallisstion of
acrylaside and N, N'-wethylenebisscrylamide (Eastman Organic Chemicals,
Rochester, N.Y.) waé done according to the method of Loentng (1967). .
Gc{- (7.5 om X 0.5 cm) having acrylamide concututioJu of 2.2, 2.4, and
2.6X (with the bisacrylamide opnceantration always 35X that of the acryl-
amide) vere made in cloctropt;ér“h buffer (RNA buffetr containing 0.2X
SD8). Polmiut:on was catalysed byl\.!,!' M'-tetramethylethylene-
diapine and ammoniym persulfate, both at final concentrations of 0.082.
After s preelectrophoresis period of at least 3G min, samples containing
5 to 25 ug of RMA (in 10 to 20 ul of "NMMA buffer”" to which SDS and su-
crose had been added to final concemtrations of 0.2% and 10X, respec-
'ttvcly) weRe lmr._d outo the ;olo_ directly beneath the oloctrophorui-
_buffer. R17 KNA was wsed as an intersal standerd for all gels and was
nizned with &he other MIA cdplu immedietaly prior to l.;yorin; Rlec-
mwh:ulwu!u?ﬂ/m. sfter which the gels
ware -n.nu uq. m !tl- f-h m. and rinsed ia distilled
waber. nt ftione of the u species wers then determinad by

mc&»’-muquotm-u.cufouw 240
w

LN

RT3 . .
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recording spectrophotometer (Gilford Instrument Laboratories Incorp.,
Oberlin, Ohio). Gels to be photographed were stained overnight in 40%
methyl Cellosolve containing 0.012 toluidine blue O (Fishe: Scientific

Co.) and destained by washing with 30 methyl Cellosoclve.

Sedimentation of ribonuclestes under dematuring conditions.

Glycerol gradients containing deuterated DMSO (d6-DHSO, 99.5 atom %,
BioRad Laboratories, Riclmond, Ca.) were prepared according to the
method described by Sedat et al. (1969). Linear 5-ml gradiefits were
established befveen d_—-DMSO (containing 15X glycerol and 0.001 M EDTA,

6
pH 7.0) and a mixture of 0.1 volume fraction 4_-DMSO with 0.9 volume

6
fraction.of DMSO (containing 0.001 M EDTA, pH 7.0). Onto each of these
was layered a 15-ul1 sample of radioactive RNA (in ""RNA buffer' containing
0.2% SDS) to which 100 ul DMSO and 20 ul dimethyl formamide had been
added. Centrifugation was at 45,000 rpm for 16 hr in a Spinco SW 50.1
rotor (24°). Fractions were collected onto filter paper disks which
were then dried, washed with trichloroacetic acid, and assayed for
radioactivity in a toluene fluor.

The sedimentation behavior of Mengo RNA in buffered for-aldehyd;
was studied using the ultracentrifugal method described by Boedtker
(1968). Mengo RNA, stored in ethanol (-20°), was collected and dis-
solved in i solution of 1.1 M formaldehyde (Matheson, Coleman, and

Bell), 0.09 M Na HPO, and 0.01 M NaH_PO The RNA solution was heated

27 A 274
at 63° for 15 min, cooled in ice water and used immediately. The sedi-
mentation coefficient of the RNA was determined using a Spinco Model E
ultracentrifuge equipped with an ultraviolet photoelectric scanning

device.
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The sedimentation behavior of Mengo RNA in formaldehyde-SDS-
sucrose gradients (Simmons and Strauss, 1972) was also examined. A
15-ul samﬁle of radiocactive RNA (in a solution containing 1.0 M formal-
dehyde, 0.2X SDS, 0.001 M EDTA, and 0 1 M godium phoaphate. pH 7.1) was
added to 150 uyl of the same aolution After heating at 63° for 10 min,
the sample was layered onto a 13-ml gradient of 15 to 302 sucrase (in
the formaldehyde-SD9*buffer). Centrifugation was at 34,000 rpm for 22
hr in an International SB 283 rotor (23°). Practions were collected and

assayed for radioactivity as described above.

Electron microacopy of Mengo virus replicative f (RF) RNA

A suspension of mouse L cells (107 cello/nl)kwas infected with M-Mengo
virus at a multiplicity of 10 to 20 PFU/cell. After 30 min at room
«

temperature, the infected culture was diluted 5-fold with warm medium
and incubat;d at 37° for 5 hr. The cells vere then collected by centri-
fugation, resuspended in a small volume of 0.01 M sodium acetate, pH 5.2,
and disrupted by a combination of ho-;genization and freeze-thawing.
RNA was isolated by extraction with SDS-phenol at room temperatdre and
precipitated with ethanol. The Mengo RF RNA was isclated from the other
cellular and viral RNA species by the method of Agol et al. (1972),
which involves LiCl fractionation, DNase treatment, and sucrose gradient
centrifugation. The putative Mengo RF RNA was found in a rather broad
peak in the sucroes~ gradient with an average -cdmlentatio; coefficient
of approximately <0 S.

Peak fractions were “pooled and prepared for electron microscopy

by thc 'aqueous technique" dclcrircd by Davis et al. (1971) After

staining with uramyl acetate in 90T ethanol ;gd rotary shndoving with



95% Pt-52% u'rbon at an angle of 8°, the molecules were visualized in a
Philips EM 300 electron microscope operated at 60 kV.‘ Photogrnéhl were
taken at nominal magnifications of 16,000 and 20,000 X, and actual
magnifications were determined from photographs of a diffraction grating
replica (Ernest F. Fullam, Inc., Schenectady, N.Y.). Lengths of RNA

molecules were measured on positive prints with a iap measure.

RESULTS -

\'ﬁ

Polyacrylamide gel electrophoresis. Since the electrophoretic
mobility of an RRA -oiccule in an acrylamide gel has been found to be
directly proportional to thg‘lognritl- of its molecular weight, the
technique of polyacrylamide gel electrophoresis may be used to estimate
‘the molecular weights of single-stranded RNA molecules (Bishop ._e_t_ al.,
1967; Beacock and Di;xg-nn, 1968; Loening, 1969). Pigure 1 illustrates
the results of an experiment in which thinllcthod was used to estimate
the molecular weight of M-Mengo virus mi The RNAs (with their molecu-
lar weights in brackets) that were used to calibrate the gels were as
follows: TMV RNA (2.0 X 10% Boedtker, 1960), R17 RNA (1.1 X 10%;
Gesteland and Boedtker, 1964), and the 28 S and 18 S L cell rRNAs (1.71
and 0.70 X 105, respectively; Loaning, 1968). A plot of log molecular
weight versus distance migrated for these markers gave a straight line
as shown in H.#urc 2; and from an extrapolation, of this line, the
molecular weight of the u-}:hng‘o ll;A m calculated to be 2.36 X 106.

Table 2 11-t-$ molecular \ni;hu‘ of the RNAsAwlatcd from

the three variants of Mengo virus, ad etmined from ‘-usure-cntn of

" their electrophoretic mobilities in 2.2, 2.4, and 2.6% polyacrylnid{

r.
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ABSORBANCY 260 nm
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Figure 1. Polyacrylamide gel electrophoresis of M-Mango RNA (upper.
psnel), THV REA (middls), and L cell rINMA (bottom); each mixed with R17
A prior to being layexed onto the gel. Elesctrophoresis was in 2.42
acrylamide gela for 6 hx at 6 mA/gel. Superimposed sbove the 260 mm
scan of each gel is a photograph of the same gal after staining of the

A with toluidine blue O. _ X
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‘Gel acrylamide

concentration . - Viral RNA '
¢X) S-Mengo M-Mengo L-Mengo Polio
, ~ (W. Chat I)
2.2 2.44 £ 0.03 2.46 % 0.03 2.47 ¢ 0.02 2.37  0.03
6 (® @ W
2.4 . 2.322£0.08 2.32:0.09 2.36: 0.09 2.27 % 0.06
| @ .. (9 . . (8
2.6 2.37 £ 0.13  2.36 £ 0.10 2.31 £ 0.05 2.32 % 0.09
| CE ® . " ® W
“Aversge 2.38 2 0.06 2.38 ¢ 0.07 2.38 % 0,08 2.32 £ 0.05
Table 2. Molecular veights of  and poliovirus ribomuclestes as

‘determined by Mucryl-“o gel octro'huuu. The values shown are
.molecular weights X 167 6. . Two separats WA preparactions were used for
tha L-Meago varisnt and m poliovirus. Thres preparations were used
for the 5~ gad M-Masgo variants. The nuwbers in parentheses indicate
the mumber of -nlom weight d-ccnmdom done st thlt acryl.ido
concentration. - . .

O : » ’ A
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gels. The values for the S-, M-, and L-Nengo RMAs were found to be
essentially identical at each gcl.'co-ecntrntion and the average molecu-
iar weight of all three - based on all estimatiogs at all gel concen-
tratioms - vas calculated to be 2.38 + 0.06 X 10%. Also shown in Table
2 are the eu-parab1§ axperimental values for the .pl_ocuhr weight of
poliovirus RMA. The difference batween t'b. estimated molecular weight
of poliovirus RNA (2.32 X 10%) and chat of Mengo virus EMA 1e mot sig-
niuc.n't, a conclusion reinforced by the Bbodtvaiioh that polio ‘and

Mengo RMAs could not be resolved when eo_-‘olocttophoruod. »

Sedimencacion under dematuring chuditions. For these studies
only the M-Mengo RNA was used since the scrylemide gel slectrophoresis
axperiments had shown that the molecular weights of the RNA of the three
Mengo variants are identical (Table 2). ‘

It. has been abo;m by Strauss et al. (1968) that DMSO is an
effective dematurant of both -hglo—, and double-stranded RMA and that
in DMSO the sedimentation coefficients of single-stranded RMA molecules .
'cic pmpﬁ:tibml to the 0.31 povu' of tmi_.olmhr weights. With.
the Wyeu'ol sradients employed hexe, Memgo KiA was co-sedimented
with m lﬂn ia oxdexr to uub.luh the rohciouhip bom sedi-
m Tate a‘ mlmht m hu obuhml !m one such rate-
-o-n mmu 1 sad 1n Fige m RNA markars used
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(see insert, Figure 3). This -cruijht line was c:kcnpohtcd. and from
it, the distance that the ll-lhuq m had sedimented was -found to
correspond to a molecular weight of 2.57 210.02 X 106 (nvetq.c of six
determinations).

Boedtker (1968) found that the molecular weights of single-
stranded KMAs eo-uld be obtained from measurements of their sedimentation
coefficients in the presence of formaldehyde. The .od:l.-ontation‘rnto
(520.\:) was found to be related to the molecular weight (M) by the
equation: Szo.v - 0.05()()0". Upon inserting the observed M-Mengo RNA
sedimentation coefficient 1nto~thc equation, a molecular weight value of
2.38 £ 0.03 X 106 was calculated (average of three determinations).

The modification of the Boedtker ntl;od described by Simmons and
Strauas (1972), ti.e., measurements of sedimentation velocity in formal-
dehyde~-SDS-sucrose gradients, was also utiliged to obtain an estimate of
the mlm weight of M-Mengo RMA. The same warker RNAs used with the
M80-glycelol gradients were employed here as well. The distribution of
udioaétivoly labeled RMAs fpliovinc cntr_igmltion vas .1-11& to that
11lustrated in Figure 3. The wolecular weight of the M-Mengo RNA, cal-
culated by the oﬁo procodnr‘ used in the case of the DMSO-glycerol
gradient lllnly.h, m tomd op be Z.M £ 0.03 X 10 (avaru. of nine
| mmuu.), Thts ulu is in anii agreasdont with both the value
elluht.d from mu of muuon rates in buffered formal-
 aehyde aad the valus cbtaized from the polyacrylamide gel electro-

: phorom atuu.u In this rcurd. 1t 4s relevant to.note that Kaper
end Hamth (1973) have t‘pott‘ds that mhlm of_ the molecular
weights of single-stranded KMAs of séveral plest viruses, based on

‘ m o:__mu:m rates in W uul on migration

35



rates in acrylamide gels, were in close agreement.

E tron mi scopy. FPigure 4 is an electron micrograph of
double-stranded. RNA molecules isolated from M-Mengo virus-infected L
cells. All molecules seen in the alectron microscopé were linear (as .
reported for poliovirus RF RRA; Granbouh:—}tutud. 1969), with no
circular (as reported for EMC virus RF RNA; Agql et al., 1972) or
‘btanch.d molecules being detected. It was observed that, in two sep-
arate preparations of Mengo RF RNA examined, there was a rather broad
distribution of lengths from 1.50 to 3.00 um. The mean length of the
264 molecules measured was 2.25 ¢t 0.3 um. Using a value of 3.17 1
(Grmboulcn.‘and Franklin, 1966) for the internucleotide distance in
single- or double-strandsd RMA molecules prepared for electron micro-
scope mihntiqm. and the average nucleotide residues weight (Na+ form)
in Mengo RNA of 343 (Scrabs et al., 1969), it can be calculaced that a
single-stranded RNA n&nlc. 2.25 ym in length, would have a molecular
waight of 2.44'X 10%. - Although this valus agrees well with those ob-
tainad by other methods, the ob-u_'qu vari.;tion in the lengths of the
Rr mlocnlu leads us to eonclud. thet ths estimate of the Mengo RNA
-o.locuhx nuhf. by this method is rather imprecise (e.g., the calcu-
.lated nunganl deviation for the M-Mengo m -olocular weight is

v

0.3 X 10 )

- Retimates of the molecular weight of Mengo virus RXA have been
" sade from poimryx.-u. gel electtoploresls anslysis, from three dif-
| 'lm Mﬂ m and from sessurements of the length of

:
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Figure 4. Electres mierograph sbowiag molecules of double-stranded,
replicative-form Numgo BA. Stained with uranyl acetate and rotary - ~£,
shadowed with Pe~C. - . _




Mengo RF RNA in electron micrographs. The values obtained are in rela-
tively close agreement, with the average v-iu; for the molecular auht
being 2.44 t 0.08 X 106. The pur;icla weight of the Mengo virionm has
besn estimated to ba 8.32 X 10° (Scraba et al., 1967), which means that
the viral genome constitutes nppcoxin.t'oly 29.5% of the total virion
weight. Both values, i.e., the molecular weight of the RNA and the RNA
content of the virtion, are in good agreement with values reported previ-
ously for other picornaviruses (Rueckert, 1971). The molecular weight
estimation differs markedly from the value of 1.74 X :I.O6 reported
earlier (Scraba et sl., 1967). The most plausible explasnation for this
di-ctepmcy’iu that in the earlier study in which the MO RNA molecu-
lar waight was-‘calculated from sedimentation and diffusion coefficients
by the Svedberg equation, estimates of the diffusion coefficient were
too high due to some degradation of the RMA during the long (16 to 20 hr)
ultracentrifuge runs required to measurse this parameter.

The Mengo RNA genome of molecylsr weight 2.66 X go‘_ and baving a
mean nucleotide residue weight of 343 (Scraba et al., 1967) would con-
tain approximately 7,100 nucleotids residues. Assuming a mean amino
acid residus weight of 110, the EMA could code for a maximum protein
.‘g of 260,000 daltons. In this rq&d, Pauch: at al. (1974) have re-
po;tod that the primary translatiom products of the Mengo virus genome
in vivo heve a total molecular weight of spproximately 270,000.
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IV. MENGO VIRUS STRUCTURAL POLYPEPTIDES

Intro tion .

In view of the physical and chemical sinilarity exhibited by
Mengo, ME, EMC, and polio viruses (l}uchrt. 1971), 1t is reasonable
to expect that their structural coﬁponcnta would be much alike. This is
true for the genetic material of th...‘ w'riru-u since a molecular weight
of approximately 2.5 X 106 has been found for the unglc—ltrnndoq RNA
genome (Nn+ form) of esch virus (see Chapter III.). With respact to the
protein components of the virus capsids, howevers substantial cl:i.ffor-~
ences have been r.por;ed between the polypeptide composition of Mengo
virions (0!Callaghan et al., 1970) and that of either polin‘:»viru-
(Summers Lt__.l., 1965) or ME virus (Rueckert et al., 1969). First, of
three Mengo variants studied, only one was found to.contain a p,olypcp—
tide in the molecular weight range 6,000 to 10,000, while both polioc and
ME virions contain such a polypeptide. Second, vhereas both polio and
ME virions contain two polypigtides in the mblecular veight range 29,000
to 35,000, only one was found in the case of Mengo virus. Finally,
Mengo ?*irus was reported to contain a letido of ;olwuhr weight
about 20,000, although no comparable species vas found ii either polio
or ME virions. A ro-;a—tutm of the Mengo virus capsid components v
m mum to determine 1f thé polypeptides comprising the mo
‘ virtoa do :I.Ildood Giffer ‘from M ot the polio or M2 virions; and wmore
inorunt. to éstadlish both the ulmht weights o\t' the l“!unl
polypqtuu and the m-bcr of ‘ed.u of each that are present in
'.th- !n.o «uu. <

- . . -
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Materials and Methods

Purified l‘C--ll\o acid labeled Mengo virus was pelleted by cen-

trifugation at 120,000 g for 60 min, resuspended in 0.01 M \zodim‘ phos-
ph-c?. pd 7.2, and the suspension made é M, 1X, and 5X in ;.xru, SDS, and
f-mercaptoethanol, respectively. The solution was then heated in

tl,oilim vater for 3.5 min to solubilize the viral polypeptides. Samples

(25 to 75 ul), containing 20 to 40 ug of viral protein and suitable

levels of radiocactivity, were layered onto the gels directly beneath the N
clocéropboruiu b_-}fcr (0.1 M sodium phosphate, pH 7.2, containing 0.12
SDS). Gels consisted of 10X acrylamide, 0.2X N,N'-methylenebisacryl-

amide, 0.1X SDS, 0.5 M urea, and 0.1 M sodium phosphate, pH 7.2. Pdly-
merization was ;:atnlyzed by N,N,N',N'-tetramethylethylenediamine and

\?‘; ammonium persul at final concentrations of 0.075 and 0.038%, respec-

tively. Elec is was for 8 to 10 hours (0.5 cm X 14 cm gels) at

S to 7 mA/gel.
For molecular weight determinations of the viral polypeptides,

proteins of known molecular weights were used as markers (Shapiro et al., ‘

1967). Those qlpyc.d in the present study were bovine serum albwumin

(BSA), wdh‘in. pepein, and myoglobin (Schwarsz/Mann Biochemicals), and

a-chymotrypsinogen (Sigma Chemicel Co.), and ly-o:y-.' (Wgghington Bio-

chemicals). Aliquots of the mixture ®of marker proteins were traated as

described above and 25 to 50-ul samples, containing 7 to 10 lig of each

-thl‘r‘, wvere ;amod ot up.r'utc gels md subjected to electrophoresis

at the ."-' tm as were tho virus samples. In adduhn'. {y-omo and

ovalbumin were used as incerual standerds. 1n each virus ..1 (1.ev, were

added to the virus ssmples prior to the 3.5 min yemzﬁn 10 “botling

oy '
A

) . [ ]
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wate}).

Following electrophoresis, the gels were stained with Coomasaf%
blue according to the method of Weber and Osborn (1969). After de-
staining, the positions of the protein peaks were determined by scanning
the gels at a wavelength of ‘540 mm in a Gilford Model 240 recording
spectrophotometer. Radioactive gels were then sliced into l-mm frac-
tions using a template and the fractions incubated at 37° overnight with
0.3 ml of 952 NCS tisseue solubilizer /(A-otth-/Seurle Corp., Oakville, .
Ont.). After elution, each fraction was assayed for radioactivity by
adding S5 ml of toluene fluor and counting in a Beckman Model L§-230

l1iquid scintillation counter.

Resulte

XN

The polypoptide compositions of highly purified preparations of

S~, M-, and "uo were emsmined. Pigure 5 illustrates the data ob~
' tained from the m-polyacrylnidc gel electrophoresis of soiubilized
l‘c—n.i.no acid labeled M-Memgo to which had been added the nrl_;er pro-
teins ovalbumin and lysosyme. The upper panel shows the pattern
obtained by scanning the -unnd'(comuic bdlue) gel at & wavelength of
540 nm and the lowsr panel shows the distribution of radiolsbel im the
sane gel. As un\n seen, M-Mango countains s total of pix p‘olyp-'ptidu{
Pour of thhu are major eouutmn and have been designated o, B, v,
and § to conform with the mhturt?-ployod by nunk-t and lnockcrt
(}269) to Mﬂl the major structural pﬂ.ypoptidu ‘of ME virus.

Y’ The molecular waights of the vftd polypeptides were determipad
on ﬁn bu:lo of their doe:tophorotic -obnigu relative to chol:‘ of

-
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‘mated molacular weights of the polypeptidas, sud assuming uaiform incor-

43

known molecular weights (Shapiro et al., 1967). The mobilities of the
marker and vfr'al protein- were measured both from gels in which they
wvere coelectrophoresed (as ifn Figure'5), snd from gels in which they were
electrophoresed -cparat'ely but concurrently. The standard curve from ‘
which the molecular weights of the viral polypeptides were estimated is
shown in Figure 6. Also shown in this figure are the positions of the
viral polypeptides relative to those of the marker protnin:.

Data obtained from eight analyses of qch of the three Mengo
variants are summarized in Table 3. It is clﬁt that the three variants
are identical with respect to both the number and molecular weights of
the polypeptides that they contain - the utinqtod molacular weights
being 57,700 (D2), 39,000 (¢), 32,500 (a), 29,600 (B), 23,700 (y), and
10,600 (8§). The amount of radicactivity found in egch of the six poly-
peptide bands following electrophoresis of virus .hbdcd vith a mixture

&

of 1 C-amino acids is expressed, in column 6, as a fraction of the total

radioactivity recovered from the gel. From these values and the esti-

poration of redicectivity iato esck polypeptide, it was caltulated that

- am’ average Meago virws pcua. contains lwmcld 60 uolccul- of

otcuu.a.uvm Mssumam and 1 or 2 of

o!mﬂllic m,-
- _
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workers has been found to cm;uint q'i 2 species, o and B, which have been
resolved by using longer gels of higher acrylamide concentration. It
seems clear, too, that the VPII1 (molecular weight approximataly 20,000)
was, in fact, an aggregste of & polypeptides thch survived the less
vigorous, solubilising conditions used by tho..o investigators. The data
pr.omtﬂ here, except for the presence of polypeptide D2, resemble
closely those reported by Ruockorf et al. (1969) regarding the struc-—
tural polypop&idu of MR virus.
The minor components found in all virus ;;um.uou studied,
have been tentatively identified as viral polypeptides DZ and ¢ in accor-
dance with tha model for post-translationsl cleavage proi;osod' by Butter-
worth and Rueckert '(197h) for EMC iuuo. The aunlg;:-ant vas made pri-
marily on the basis of the wolecular weights of the two spacies.

Butterworth and Rusckert (1972s) bave muud that polypeptide D2 1s

':h. precursor of the o aady chains, and that po1ypcpu¢o c© is the pre-
cwzotth&qﬂﬂchlm mehmmlomtoﬂy

vtththm:“.olnnhtmoft&yanWupoid poly-
peptidas QMJ). b-cmmauwnnun_;u. (1974)
mm‘mamwdwuupw
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Considering only the major structural polypeptides (a, B, Y, and

t al. (1976) have proposed a -oﬂ.l for the construction of the

4, lhk
Mengo virus upnid on the basis of electron microscopy and physico-
chemical mlyu- -of intact and dqr‘d.d virim They suggest thlt the
asymmetric structure unit is co-pqm of one“chain each of the a, 8, and
Y polypeptides, and that five structure units associate to form a capso-
ur-. 'rh.r. are 12 such capsomeres in tho virus apoid. one lscntod at.
each of th. twelve vertices of u 1icosshedral surface. thuq th‘ vim
pnid would contain a soul ot 60 copiea each of thotl B, -dvply-
pcptidu. co-polition analysis of Mepgo virus structural proteins T~
ported Mo supports the model in this regard. Both from the. onndpout
of procunor-product rohtiouhip. during poot-trcuhtiml cleavage
of the virm--pocific pol.ymtun (lntwvotth et g. ,» 1971; Paucha
st 11.. 1974) and of icosahedral m wgg., 1974), one would
upoet that the Mengo m emid would also contain 60 copies of tho

6 plmcuo caqod.tm mlycu. howeves , reveals tlu pn-pcc of

47



48

that although Dunker and Rueckert (1969) reported an SDS-polyacrylamide
gel electrophoresis molecular weight of 10.500 for the 8 polypeptide of
ME virus, the molecular nuhﬁ of this protein was found to de c;:nly
7,300 by a gel filtration method (Stoltzfus and Rusckart, 1972).

From the astlk presented, 1t is concluded that ‘the Mengo virion
can be represented by the o;ru'cturai formula (a, B, v, §) “_”mzl_z
rey g RA Summing the .olcculat.\nighu'tor all of these components
gives a value of 8.04 X 10° for the virion particle weight. This is in
§ood spresmemnt with the value of 8.32 X 10° obeained !or the Mengo virus
particle directly by sedimsntation—-diffusion mcr:lunu (Scraba st _g. .

1“7) . ‘-



V. PURIFICATION AND AMINO ACID COMPOSITIONS OF THE
MAJOR CAPSID POLYPEPTIDES

) BN

Introduction

It is now generally agreed that the capsids of the mammalian
cardioviruses Mengo, MK, and EMC each contain four major and one or two
atnor p_olyqutuo' ccnﬁonmu (Ziola .u.senu, 1974; Rueckert et al.,
1969; Burness et gl.. 1974). There are mrozhltcly sixty copies of
each of the major polypeptides asid ome of two copies of each of the
minor polypeptides per vutou (Scn& and Colter, 1974; McGregor et al.,
1975). Im ordu tht the structure and l.l.hly of thes® viruses be
better nnd‘r.tood. it 1» ...lnticl that thﬂit tl‘ividnll c‘plid poly-
peptides be purified and characterized.

Ons of the mu- M hﬂn h:lml ntt.pn to purify
the aajor Memgo virus ospeid ’owwb wap thair iosolubility in
‘u—ummm mmw tpu.

‘mmmmmwhmmoxmmtu

'sﬂ“ﬂ“t‘ﬁiclc“
&

- ’_umm apeid palypertitess,




major capsid components.

Materials and Methods

Mengo virus. The M plaque-type variant was used exclusivaly in

these studies.

*

SDS-hydroxylapatite chromatogpephy. Hydroxylapatite in powder

form was obtained from BioRad Laboratories; technical grade SDS was pur-
chaged !ro- hchuon._ Coleman, sad Bell; amnd DIT was from Siges Chemical
Co. All other chemicals used were resgent grades. (
Initially, chromatography on m-mhy_cuu was carried out
according to Noes asd Roeenblim (1912)‘. u-um.e virus (1 to 4 wug)

N o-mino scids.

was mixed with suitable smewats of virus labeled with
m»ﬁmmmluun‘tlu.‘o‘wl for 60 mim and resuspeanded at a

muoqotzubqlnho.ulm#nh-n.plsi con—
mumdu - Bl. This soletion was hntd at
"w:nsmuwmw mxo-fouucholu
'-u-m pll».lq, “*hnmstcmlm
€0.95 ep? xu-a Mﬂc%uﬂxnzmwmu "column
W(n.n:mjﬂ o

- - e w1

50



Pollovln. completion of the smino dcid wttion .tudiu re-
ported in this chspter, the M—hydroxylnntitc chtmto.rnphy procedure
wvas modified in order to improve column rcptoducibuity regarding the
complete l.p.rlt%on of the y and a polypeptides (see Reasults). The
altered procedure is described in detail since it represemts a coneid-
ersble modification of the method originally described by Moes ud'
Rosenblum (1972).

Only small psrticle sise (m grade) hydroxylapatite podc from
Biekad Laborhteries wes uoed. The powiar Wes suspended 1a “colum
buffer”, fine materisl removed, and the ohsty ‘lWy w.
SDS-hydroxylapstite columme (o.“' uz,, X 18 cu) were them pupntc"l as
duetibodbpbn“m (1922). "t‘ﬂud’vm (eés above)
was suspended at 4 wg/md no.mnnmm s 6.0, 'l,\ta--
mmmavsamuuu--uw o~d
‘meated at 100° for O mia. Ton polppeptids coluties W then dllured
ao-m-mn WI -ﬂum vl%.l.mu Pesn Cappersture
-mumnmm oeld rveing waser, and Tn iato

| e S ’nlisﬁ.ﬂo.su

MM“&”IMM“.A
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aty of protein ves in exgess of B(K.

) i ‘ . 93

After dialysis, the solutions were lyophilized and the resultant SDS§-
protein ruh’h’u dissolwed in 0.01 q sodium phosphats, pH 7.4, containing
ST S-mercaptoethanol and 4 N urea such that the final SD8 concentration
was 2X. After heating at 100° for S min, the polypeptide composition of
each peak in Figure 7 was determined bgz.,;gloc’:rophotolio in 102 SDS-poly="

acrylamide gels as described in Chapugr IV.

- W The pooled fractions indicated :I.n‘!’i.guro 7
were mixed with 3 vol.u' of acetge countaining 0.1 N hydrochloric acid.
Aftex 1‘:0 2 days at room teiperature, the protein precipitates were re-
covered by low speed cemtrifugation, weshad once with ethanol-sther (1:1)
and omece vi(h ether. m' dried precipitates vere them dissolved in 902

formic sidd, -:.’pua frosen st ~70° and lyophilized ss required. Recov-

.

Mian ae1A sealvels. The prateiss were Mpdrolyséd in redistilled,
mmilmhwmmnm Hydroly-
mmt«ap‘nhuw qﬁﬂm&n&dmzdmzm
’ ” tau. 19%3). The

| ? K.
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calculated from the composition of 22 hr hydrolysates assuming a loss of
10X during hydrolysis. Initially, an analyeis of lysosyse was completed
in order to establish the accuracy of the technique in our hands. 'l'l:.
recovery of tryptophgn from a 22 hr lysozyme hydrolysate was 90.0;.
identical to the value reported by Liu and Chang .(1971). .

Y

Results

From electrophoresis in 10X SDS-polyacrylsmide gels, it is known
that the Memgo virus capsid contains four major and two minor structural
polypc.ptidoi (see Chapter IV.). These polypeptides were completely ad-
sogbed when 1AC-amino acid labeled Mengo vifus was solubilized and ~
applied to an $DS-hydroxylspatite column. Upon elution with a 0.2 to
0.5 M phoophnto .udint, pH 6.4, containing SD$ and DIT, ﬁv. peaks
were :uolvd as wutd by the latters A to E in Pi‘ut. 7. Dialysis
of a portion of eath peak against 0.01'1 sodium phosphate, pH 6.4, con-
cafning 0.2 S08 sad 0.1% mm&. followed by rechromstog-

m-.-mwm-»m:mnchmorm&“
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the minor polypeptide D2, a trace of ¢, and some of the major polypeptide
R (from the trailing edge of pesk D). Consequeatly, in totlo.of in-
creasing phosphste concentrstion, the order of elution is §, v, a, and 8

followed by the two minor capsid lypeptides ¢ and D2.

Althoughr the § and B8 tides were consisteatly ‘muu using
the SDS-hydroxyldpatite chr raphy protocol of Moss and Rosenblum
(1972), .o-. variability wés observed in the column elution pattern of
tho{ and a polypeptides. The problem was found to be two—-fold. Pirst,
using a given batch of hydroxyhpatit., .nlnxt:tn pesk occasiomslly ap-

peared batween the true Yy and o peaks (i.e., peaks B and C, Frigure 7).

- Not unexpectedly, this peak in- found to contain yaryinc smounts of the

y and a polypeptides. Second, it was noted that some variability exists
in the co-.rcidly'nvnihbl‘ hydrml.pctiuv itself. Although the
or.igml-b‘tch of hydroxylapatite powder (3io-Gel HYP; BioRad Labora-
tories) gave excellent resolution of v uul a, & odbiqmt batceh would
not completaly resolve :Sou two proteins even though the overall order
of polypeptide elution wes the ssme as that of m‘ 7.. This altered
eluticn behavior was attributed to varisbility in the hydroxylapatite
pmo it vas obutnd under identical mnue conditions and

with du same virus preparation ueed m:uuy. lahp n wqcto"

mdwwmuormvmomammuqrmlm. the
eoL—n tman- containing these two proteins were poolad, the protein
' ,\_ﬂ‘bﬂdmumm Myuﬂcmomiﬂd
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described in Materiale and llnthod- was .ubsoqucntly Jlﬂolopul by varying
the 1ndivi’du1.p.t-ot¢zt of the original procedurs of ‘Moes and lpun,—
blum (1972). “The ya "q.:sltion" problam was solved by employing more
vigorous dissociation condit:l.ﬁn- followed by rapid cooling of the virus
polypeptide solution to room thpouturc. Ovcecnin the v and a “reso-
lut:l.on" problem required modification of two pnt-ctcru: first, the uti-
lization of emall p.'rtif.io sise hydroxylapetite (coupled with ‘thorough
degassing of the hydtoxyhp‘tit. slurry bdorcmm into columns);
and uoond. the impositien of a w R .ruu-c upogp th. 1nct-.l-
ing phosphate 'radhnt. The latter modification was dc:l.vul Lrom the
elution b.hviot of the Mmgo virus utueturnl polypeptides vhen chto-
matographed oa mm‘tuc columns at wtoua: p's. At pE 8.3,
no virus mm- eluted vith & o.z to 0.3 M phosphats gua-:. At pi
7.4, the viras pmqu” began to elute only at , phosphate wolarity
of approxiumtaly. 0.45.. At -ﬂ't.& (s0e u.-n 7), .81l the virus polypep-
mmo.zsqo.asum At this pii, the eluted
;wmmﬁhmcul”mmwu; At
pt s.c. mmm mum- e sems pibephate molasicy range
ma ummn"nuﬂw m. ‘Nowever, mrwnm—
M ohesp. Based on the m-:i
' "',ﬁmou oo . umuu of 6.4
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polypaptides. rt.-mamwzma each of tb-fw-dor_
structural polypqci‘u is n'srnod in Table 4. The value lg neh
amino acid residbe represents t:ho nvcrqo of two mmam; thuo

being obtaimed using polypeptiftis- purified from separste preparatioss of -

virus. The small amount of ¢ )itt.ﬁ'&smun the # mtd'n was
disregarded in theee dotctniutuu u-eo the majority of the c ulmh

umuddmgcidrmmmthuofthlum'

(¢ 1s the precuzsor of the § and s poz.ynnuu, Pauchs ot al., 1974).
m-wmmumo!mhmcmmtmmmm
wwmuy’fmud:ofmcﬁn. Yor exampls, thn-hou“
w.d!mbwum&ttﬁm:lwrcmof cyltdnoiati.
tmluomnnl pxou:hohioz:)w. m.mio-umnudty
chrﬂnﬁnmn “‘t“*mm protaias (5. 0:1.913&
Oiobmﬂvu ~ ! » et
mﬂun’om mlmgmmmu:hcw
_lmmammwmuwwmm ™
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Asx . -

“ e r
ree 68

. Gly .
Aa -

t Ile B

7.2
.5
8.0

7.2

6.9
8.4

1.0
3.4

7.5
3.9
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composition of the unfractismated ?o virus capsid proteia confirms

the amino acid compositions of the 1atvioual capeid polypeptides.

Wachiontne u&mmuuammcumfu-

mmtumuultm»wm mm-vhuht :
&ﬂtﬁ!mmmdm“mh“nm
e*mquumc. mmwauwu
wtmmmmmmmrm-mu“
shown. ummmmmmmmum-m.
-mmmmuutmmmmmmu.mm-. \
mﬂmummnmmaumw .
mumsud.a.uvummc. u-uehhl—pxymmup
mmmummmtwc (lc.coo)u-r
-m«ummxnuapwqﬂmmm(mm
m:. 1960, the veles of uumm auau.n-..u-

Ve

Mnﬂ!ﬁd h!ﬂ&ob&m‘uwmm”d
tbl




10,600

3,700

7,350

1.44

«
~

62



4

u-i:u in up‘c to nuto.m qusntities of each capsid componemt. *
In contrsst, SDS-hydroxylagatite chromstogzaphy m rapid’ _mi.ﬁu—
tmuwwmamwwwvtmmnw
tides. Swrmess gt g). (197) have regoried uedsg caleiws phesphate ‘
(Mu) wm*nmuﬂu-pmu:h
wmuum. nnmmncu.
obtatned (sse Pigure 4, Penel 4; Burnese g5 o)., 1974), however, doss mot
axhibit the peik shavrpaess (i.e., x-.-px-u-a) of the prefils fer o8-
hydmh.uiu Wu‘uphy of eh- Meago pm (Pigure 7).
mwmzmmumummu (to foxg
hydrouylapatice) produses o -on ,uum mw«: system.

Mews sad Meosshlm (1572) muwumpmnm-&.
© most o(ul sluted from mlm- ia m o! uctoul-q wolecu—
lar waight, cm wes not -hnyo 0. w,. polypeptide nauon
rmmlmmcudncmhmm‘-otm as
th mm»mmm mrou- The pol.y-

63
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s high proline coatent; snd 4) :m;u-n.hmcn: o!'unmtu_
vestduse (leu + ile + val). Mmuu.nm,m.m,
m -ﬁmmmmmﬂuhn‘c—hu;!mohwu
(Fuiman, 1983). tummummu.umm .
nwmwnmmmhwmumam
ﬂ.m:&:mmuamm&nmcmah
.no-h‘upllendm

- mmamwammwumu—m

(uwnng.. 1’0;




representing 60 chains per virion. Given thact a, B, Y and & are synthe~
sized in equimoler amounts in ;_gg_ (Paulin ot sl 1974) and considering
the mm principles of 1eceahidral capsid censtruction (Caspar and
Klug, 1962), it follows that esch Memgo virioa ‘.dd consain 38-60
copies of § (depending noa the n\.b.t of ¢ polypaptides ia the capaid).
1t :u“—-ﬁn-wwu 1.auu-~u-
true -olmur -.i.n of the & poxmu.h the calculation referred ¢o
mly gives a value of My 30 § chains per vtuoa. That
E‘vtm moleculsr waight of § 1. less thes that obtained !ro- su-

polyacrylamide gels lu aleo bean demonstrited recantly by s:oltn!u and
Rusckert (1972). They estimated the molmeular weighte ot the § polypep-
tides from both ME virwe snd Mengo Virws to be 7,200 & 7,300 by gel.

tutuuu in the presemce of . mmwmm

In swmery, pulme&memm-uamium
mummwmmmuwtuumnq

“MM mmmmumwwumcm
mmmmumumm.-mwuxm

wcai.mmwmmﬁamm

65

/



,VI. AMINO- AND ~TESNENAL SBQURNCES OF
TER MAJOR MLIPEITINGS

™ It has basan esishblished that the sspeid nmuu of pigeene-
viruses arise by posttramslatiosal w‘v‘u of a laxgs protsin it“nt
(for a recemt review om this subject, see Nershbo sad Fry, 1975). Siace
the MNemgo virus munlndtmmumulymuu (T10la end
Scraba, 1273; ses Chipter V), B~ -‘.-«-1-1 ssqusnce analysis of z‘.
wvwnmmmwnhum-ummmw
specificity is iswolved in tha clesavage tm chh gensrate thees

proteime. It m nctmu thet M iaformation would lesd to a
WNM“ M)”ﬂ‘“gm’nw
, ‘ 1yucwm 'mmumoowumrmuuu
cﬁl"‘-.
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N-t . m,heﬁ ‘an-r: wwxfm o

and 0.15 ml of dameylchloride’ (23 .-./-1 m\uhydxou Mhy
were then added. After 18 br ac room tempsraturs, the du;l;u Mprotein
mpmtptuudndunhuuehm—l&mm
hydrolysis in 6 ¥ hydrochloric acid (colttunn‘ 0.1% ph.ao!.) at 110° for
18 hr, the hydroysate was drisd, dissolved in 0.2 ul of water, and ex-
tracted twice with 0.1 ml of ethylacetate. EKach phase wes dried
mcnto.ly. dm dn 5 to 10 ul of 50X pyridine, and analyzed by
thin layer chromatography on S cm X3 om Gheng Chin polysmide sheets
(Pierce Chemical Co., Rockford, Il1.). The sheats ware developed in the
first dimension with 12X formic asdd, in the sacond dimewsios with ben-

‘sena @ -.eitic scid (9 : 1), and again in the same direction with ethyl-

sostate : methanol : acstic acid (20 1 IR VI

degralations I&c mﬁﬂ a w Sequencer, Model $908. All
tmmm"m u-‘.mae. Chamical Co.) or "distilled
ia.hu “Wﬁuﬂﬁmnﬂuluu m-n Mieh.).
mummunmmmnﬂnmuum

'tenu Mﬂmﬂt muthd tﬂ-m nncuonmbdou

starting u‘t-mm stmgle dﬁlﬁm dnqdiie: clesvage ssquendlag pror
*#ﬁlﬁﬂwm WWW by anslyats

,_-n u.”u 2500 “- scid: m .f.‘.".f‘
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sodium dithionite (ht&hio‘ st al., 1971). When it was u\cuony to
distinguish between glutamic acid and Qumim or aspartic acid and
np-nunq‘.’} the thiasolinone doti’v‘u\_tru were converted ta their iso-
meric phaayfthiohydnntoiu by exposure to 1 N hydrochloric acid at 80°
for 10 min (Edmen and Begg, 1967). The latte®were then identified by
:hﬁ layer chromatography on prptrested silica gel phtu ~(F234 - Mexrck
and Co. Inc., Ratbwey, N.J.) using 1, 2—dicuoro¢thqno : acetic ncid r~

" (7 : 30) as a solveat system (Edman, 1970).

Cazboxypapiidese anslysis. DIFF treated CBP A was odtained from
Worthimgton Biochemicals snd prepared as describld by ambler (1972). A

10 ul suspession (coataining 830 ug of ensyme) was added to 1 ml of water
with sixing. The -"-mo crystals were eoll.étod by cantrifugation at
‘ »°°°J for S min, nq-dod in 100 ul 1X eqdiwm bicarbomate, and cooled
h an 1cc bath. Sodh hydroxide (0.1 K) was added in .25 .ul-portions,
. with m wtil the protein dissolved. The pii was then returned to
M 8.5 with 0.1 W hydrochloric acid. This enzyme soiut;.on
i wan Mtoummowh.ouduud immediately. Vhea CBF B
W mhuu.h) was used, the ensyme vas pre-incubated wigh
‘.2 d* for v lt Toom tmnmo in order to inhibit any re—
| stdual. #a #otewse activity. Is addition, 0.15 wM DFP was present in
oo an-qﬁw to whch CAP 3 wes edded.
PAt f | . The m m virus cqnl preteins were malaylated accordm




Aldrich Chemical Co., Milwaukese, Wis.) in redistilled 1,4-dioxane were
added at 0.5 min intervals with vigorous stirring. The final maleic
“anhydride concontr‘tion used was 100 times that of the reactive groups
(lysines + free amino terminals) in the protein. After a further 60 min
at room temperature, the samples were dialyzed against several. changes of
0.5% ammonium‘bicarbonate, gamd subsequemtly lyophilized.

The maleylated proteins were dissolved in buffers of’ap,topriate

pH and incubated either at room temperature or 37° with CBP A, with CBP A

“plus CBP B, or with penicillocarboxypeptidase S1 (a gift from Dr. L. B.

S;illie, Department of iiochcniltry. The Un}verlity of Alberta). Appro-
priate enzyme controls were done in each instance. The enzyme digestions
were stopped by acidification to pH 1.5 to 2.0, the insoluble material
wvas removed by centfifugation, and the amino acids in the auﬁernatants.
vere identified by chromatography on a Durram D500 amino acid analyzer.
Serine, glutamine, .and n-pafngine wvere fouhd to have the same column

. , -
elution times; con-equantly. vhen a "sarine” e,.k appeared during analy-
sis of the viral prote}n digests, the amounts of these three ﬁnino acids
vas determined .follovin; incubation of a separate sample with'ba-pa.rn—
§inase or glutaminase or both; prio? to chromatography. The enzymes were

obtained from Worthington Bilochemicals and digestions were carried out

according to the proec«ht‘u limted in the Worthington Enzyms Manual (1972).

-

W w do:al.tutim of the C-terminal amino
~ acid residuse of the Memgo virws y and § polypeptides were attempted by

69
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. Rydrazinolysis was first performed using the conditiens of
Bradbury (1956). 25 mmoles eof each protein and 4 mg of hydrasine sul- -
fate ware dr_iod for 6 hr at room temperature under vacuum eond-ition. in
glass test t‘ubu'vhich had drawn out comstricted necks. Anhydrous
hydrazine (0.2 ml) was them added to each tube and the mixtures were
frosen in an ethanol - dry ice bath. The tubes were evacuated, aesled,
and heated at 60° for 21 hr. Excess hydrazine wvas r;wed by lyophili-
zation and the residues i‘yotc dissolved m;o.a ml of 1 N hydrochloric
acid. After twice extracting with 0.2 -{pf bd’d*ydc, the aqu.oulk
layers were svaporated to dryness. ."rh. r‘c‘yuu.?‘r:; : ‘diqoolved»'in
0.2 M sodium citrate, pH .k2.2. and analyzed on a‘B'Q:k'-m kodel 121 amfno
. acid analyzer.

The second hydrazinolysis procedure (Braun and S_chx;ocdcr, 1967)
differed only slightly. 'rho. resin IRC-50 (4 u).vu;uuod in place of the
hydrazine lulf'lte and mcubat_ion was at 80° (for 32 hr) rather than 60°.
After excess ﬁydrnipc had besn removaed, the residue of IRC-50, amino

o acid .hydruid‘g‘t»qgfl free amino acids wes mpindcd in 0.3’ ml of water.
» thi;;oin !0‘-3"23« by cqntriftg:ucn and washed '!m: 0.3 ml of water.
'y | o
The pH of the cqmbined muuntim lowered to appfoxmtgly 1.5 and

the free amino acide were extracted and m as described above. ‘

~
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up.ru*lo). and serine. Damsylchloride treatment of the individusl,
purified proteins rwul'«l the l—tmiul,t‘ut&m for a, 8, and y to bc'

glycine, uﬂp.ruc acid (or asparagine), and serine, respectively. No -

" free N—tcmnd"-ino scid was indicated for the § protein.

Application of the automatic Edman sequemator to each of the puri-

fied capeid polypeptides confirmed the deamsylchloride results hd. in the

case of a, G. and v, perwmitted sequence assigmaments to be made for ten
ainino acid residuss "bqin'nin at the N-terminals (Table 7). The auto-

mated sequence analysis was arbitrarily stopped after the eleventh

-residue. It is anticipated, however, that as many as 20 residues could

*

have been ooqu-ncoé since recovery of the N-terminal residues vcfo 50 to
70X and repetitive yields were greater than 90%.:
Por each protein, an additional automated ‘Edman degradation was

run on a second independent preparation. This was done to coafirm the

& - .
" initial sequence assignments; and in addition, to determine which of the

"acidic" residues are actually present in the _smide form.

Carboxyl-terminal analysis. All carboxypeptidase di;.otiwwere
carried out 61\_-10 to 25 nmoles of derivatized viral protein. ‘ In 'pr.olin-

inary mﬂ-ﬁ'u. each of the mum ’oly'p-ptidcfo‘ was dissolved in
0 2 mmnu. pl 8.5, a-d he&‘t‘i at M tegperature with
40, m these »uxuon.. leu-
!lu tll . protun
;m‘ [ m u. my- recio

m&_atg_
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in 0.2 M .oum scetats, PE 3.1, and g

s ‘
ratio of 230, confirmisg that the C-terminal amino acid sequence of a is
(Vu.ﬂy.mf - Val - Lou.‘

Ounly glutuini m'.uh‘:d duﬂ.u the preliminary CBP A digestion
of the L prbun. Upon ‘dlniou of CBP By mtuno. l.oﬂ.nn and valine
were also released. Digestism of -ugu;.d 8 using a substrata to CBP A

:' ratio of 100 end including 0_.‘5 ensyms commission pmiits @ A paz 200
mles of sudptrats.vesultad $n the data depicted in Pague 10. Voxrss-

cation of r.\‘a rmni 'n- obtained dy u-pnuu ul,yhnd 8 protein
the fine, silky precipi-

. were ru.uu from th- 8 protoin durin. the
at pR 3.5. Conducting tbc ruction at n;b-cuto

these two -lnouuo (rum 11, m pml).-_,'- these dan. how-
&u‘. 1 ena mh deduced 'Iuthor n.hnino or leucine is the termina

onim actd. Woﬁ '

- %

74

<4,




PR W




76

L



wvas incubated with CAP B. Similarly, penicillocarboxypeptidase sl (vhich-
does release proline; Jones and Nofmamn, 1972) proved ineffective whea
incubated with the y protein at 37° and pil 3.1 (compars to the results
obtaimed in the case of the § protein).” Carboxymethylatiom of the Y
protein aeeorun to the sethed of Ri®s (1967) instead of, apd in addi-
tioa to, -lqhuo- did not.make th- protain more .-ubh €0 tho a

of asy of tha m’qtuuu In swmeary, the C~terninal peptide ‘
of the Y protein appears.to be totally refrsctory to Munr

L & : . -
®. ° dytyelysis. | .
V.‘:v"‘ St.\-u:hoc-ummi-iuuuotchvmeuneouldmt.h

. w"w” deternined by carboxypeptidase mlyoh an w*m udo to determine |

- chW tavminal residus by w.mu Cowparable quentities of the &

N

A

’

!‘S‘ Qrotein and of lysoxyme were subjected to hydrasinolysis at tle sade time >
!". With .wm of the two upd!unul mmm ‘used, the C-terminal smino
) .# “}d‘ deternined for ﬂn § protain and bt lyootnl were alanine’ and 1eR-
| ‘ v"' du, rgmuvuy (approdutd.y 20% noomry) Ia :ho case of the Y
B 'tbutn hmnn:. no frea amino &m found. This. n..ut- that the
Eo-ml may be: ajther ssgakagine ‘ot gll:-un vhich !o:- mono-
' Wlﬁu R mlyotl ﬂ vhich are mnﬂﬂy removed during

. 4
Copnt dnm« mm‘n&u maeo-unc, ‘howsver, be cou-

.

'p <~

- j% ‘ m q—uy of the MM m is included in
un-z. | e 7.
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"M. .u.) Bassd wpon m Whgfﬂ-“o .ol -thud a0~

Cooper (1973) detected three differeat M-terminal amimo acids in the
polypeptides comprising the poliovirion|vthese being glycine, aspartic
acid, and serine. No attespt wvas made, er, to assign these N-ter-
{ minals to individual polypcptm; species. The same three amino acids
‘bave been found as free N-terminal residues in Meago virus capeid poly-
peptides: glycine for the a protein l-ulntn'nl. aspertic acid for".'
§ pretein, ahd serine for the y protein (Table 7). The Memgo virus

poiyfeptide @14 not have a free N-termisal amimo acid. By inferemse, it

is tempting to suggest that the man'vn polypeptide in thd polio~-
virien would have a blocked M-terminus. a '

Studies of the N-terminal amino acid residues ;f isolated capeid

‘ polypeptides lfo- PMIV have also baen recently published. ‘Three polypep-

tide species were isolated ‘from disrupted FPMOV (serotype 0) by ion ox—
chnn;o chtc.uography in the presence of 8 M ures and their respective
ll-umul amino acm identified by a dansylation procedure (Mu- ond

Strohmajer, 1974). The M-termipal residues for the new protom I. 11,

and III were fM to be l.yci.n'n. aspartic acid amd thrmiu. respec= ,,

. tively. These amino agid assignments hivc been confirmed for thnt

serotype and have been axtended to the up:u ply'pcpudu of nm mo—

:"dw C es well (Matbeka and Bachrach, 1975). mu& of these
oeps of authors mum the smallest MOV upu.d polypeptide for M-
tw analyeis. It should he moted bege that l:ln nomsacla€ure used
o mho the M capeid polnqtuu diffecs from that -ployod for
the uauoun.u Oueage, BC, 3X) 6p for the eateroviruses (pelis,

heul.at ndm tba WW are as foumt

LTRYL .

. L T

. Ly = ‘-: "“\“‘“-‘r»: T S Ve ' S BRI
Lt Bk, n g‘f".v"i"f'?‘:'."‘:'f;'fQ\"‘."“W;fi‘:"'- : AT )
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ny - caxdigyizupes aateroviryses
II1 ox VP, e » 022
I or "1 8 vra
Ca 9
I or VP, Y w3
v, 8 ws 9

'rhu while the W-terminal amino acids of unfracticnated Memgo virus asd
NEV cypeid muu sre almost identiocal (shese is oaly a ‘Wt&
difference), tha’'terminal residuas of the corresponding polyptpu‘u do

\

not.n:ch: a = Gly; "3 (111) = Thr

-

B = Asp; VP, (1) = Gly .

> ® y = Ser; VP, (Il)-AIp. :
Bachrach et sl. (1973) have reported the results of CBP A snalyses

of MON (serotyps A) capsid polypeptides which had been c’tboxylnchylntod
vy

and maleylated prior to besag separa sﬁ-wlyccryl-idc.gi_l slec~

trophoresis. The C’t.tlillll m VP, vas found to

glm which is ‘..o the c-touh‘l Tesidue of th- mlo;ou. Mango
vim (] pto:d.n (Table 7). Similarly, leucine hu bean tdnt:u:lod a8 :

B thc c-numx -no scld u both MEN 7"3 aad the ;!:uo vuu- a ptotoin-
T

Clutamic acid wss tcnuuvdy 1dentified as the nm e, C~tarsinal. In

muuo!mmhaouwvumy protd.n.m noc—tonml
-m.uau-uzmu um aither Mumo -ulf'u or




Vande Woude et al., 1972; snd Bachrach st sl.., 1973).

The mimilarities of the C-terminal amino acids 1s not unexpected in view

of the structursl sinileritiss batveea verious picovnaviruses {Rueckert,
1971); howeves, the assisorrespondsmce of the thres almost 1dessical
N-terminal reaiduwes is both surprising and pussling.

A hypothetiedl schame depicting the eveats involved in the post-
translational processimg of the Memgo virus capsid polypaptides is shown
in Figure 12. % The schéme is based upon’ the pattern dncid-ul by Pauchs

‘et al. (1974) for the sequance of cleavages iuvolved in the biogensais of
the Mengo virus capsid polypeptides, and incorporates the N- and c:c_ot-
ninal smino ‘d‘ sequence anslyses of these proteins. Also included is
information M the possible site of action of various cleavage
inhibitorxs wbtch htn been 'tudiod in other picormavirus rnplicuion
nyat.n The .cl-o will be discussed bd.ov under the headings of
,"mcut" " M" and "norpho.caotic clesvages, using these serms

L4

- .l.. W The entire ptoo:mttu- genowe is trans— )\
uut hm a's m'ﬂ;’"tido chain (“polyprosefn”) which is ]

- 1y o5 ;: ut&& synthasised (Jessbacs 9t ul., 1970; /\
A-un-ﬁuq,nm u-hmtwmbo . . .
i o | y . votaxded, b,y “addiig wuu of

in the manner nfh“ by Hershko .ad rry (1975).
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. ":
reported that DFP, which inhibite several proteases including trypsin

and a-ghymotrypein, prevemts cleavage °f- the poliovirus '"polyprotein"
in infected MeLa gehis. Summers et al. (1972) subsequsntly found: that
in poltovi'l-u-hfcciod HeLs cells, the moat sffective inhibitors of
nascent cleavages v“:mx (to.yhd!oqyl-plunyhlaiyl t:h.‘lot-o.ot:hyl~
knto.’) and ZPCK‘urbobnayloxy-pWhhnyl chloromathyl kétons). The
firet of these will iucuvvo both a-chymotrypein and sulfhydryl pro-
tesses (mh as papain), vhuo tho second is a specific inhidbfror of
a-chymotrypeim. Korant (1972), on the other hand, found that the trypsin
inohibitor TLCK (tosylsulfonyl-lyeyl chloromethyl ketons) was more effec~
tive in inhibiting nascent clmc.@o in poliovirue-infected Hela cells;
vhereas TPCK was more effective in monkey kidney cells. nh/u the evi-
dence - albeit inconclusive - doea favor a role fer a chymotrypsin-1ike
activity in the nascent cleavageas ot‘ the v-:l;ni "polyprotein", Pur ther-
more, it £ highly likely that these cleavages n\. utuly:‘d by a
resident cellular protease, since Korant (1972) has shown that polioviru-
"polyprotein” isolated froa monkey udncy cells infected in the presence
of TPCK could be converted to the products of in vivo nascent cleavages

by in yitro jncubation with axtrasts of moctd cells (secondsary

cleavages took place on.y ia the presence of mmu of infectad cells -

ses balow). _ _
- nt:ummtmc-tuuulpor‘t(iouotthﬂm PS
capeil-procuxent A (‘tﬂuam«u clegvags product) is eo:bonod
W!mmm. then the A protein weuld havé the same

m“uﬁlmuthWMo-'w1m -

:hMWuum:omu&nthWn!rﬂvm-
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of leucine 1is almost equal to its specificity for peptide bonds involving
the carboxyl function of aromatic amino acid residues (Hill, 1965).

Addition of the amino ?cid analogs B—fluopophenylalanine, canava-
nine, azetidine-2-carboxylic acid and ethionine (which are analogs of
phenylalanint/tyrosine, arginine, proline, and ﬂbthionine. respectively)
to the incubation médium also inhibits or re:Ards nascent cleavagés of

the viral '"polyprotein' (Jacobson et al., 1970; Paucha et

—

1., 1974).

Instead of inhibiting the cleavage enzyme, these coﬁbpunds probably act

by modifying the conformation of the "polyprotein' such that it 18 no
longer a suitable substrate for the host cell protease (Jacobson et al.,

1970).

2.) Secondary cleavages (A~ B). Lawrence and Thach (1975)

examined this conversion in vitro by using extracts of EMC virus-infected
cells and concluded that the original N-terminal section of A is removed
(then rapidly degraded in vivo; Smith, 1973) by the proteolytic action

of the~capsid polypeptide y. These authors postulated that the conversion
A+ B in vivo may be autocatalytic, since the y sequence is an integral

part of A. McGregor et al. (1975) have found (A)5 protomers in EMC

——ct—

-

virus-infected cells; coniequently} it seems reasonable to assume that
removal of the N-terminal segment of A by its y constituent does not
occur until a suitable juxtnposition of active site and susceptible pep-

tide bond(s) has been attained by pentamerization. In this tegg;d it is

-~
.,

interesting to note that the“(A)5 protomers isolated by McGregor et al.

(1975) did contain a significant amount of B.

Lawrence and Thach (1975) also demonstrated that the in vitro

conversion of A to B could be inhibited by the additionm of zinc ions.
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Korant et al. (1974) and Butterworth and Korant (1974) had shown previ-
ously that Zn++ was inhibitory for in vivo posttranslational clegvages
in cells infected with rhinoviruses, poliovirus, and EMC virus. The
cleavage of the capsid precursor protein (i.e., A or NCVPla) was very
susceptible to inhibition. These authors believe that Zn++ acts by
bindf%g to the substrate polypeptide (via cearboxyl or histidyl groups),
thereby preventing protease action. Another possibility is that Zn++
binding to A or NCVPla molecules might prohibit their association into
the pentameric structures which may be necessary for autoproteolysis -
this could be tested experimentally using the system of McGregor et al.
(1975) as a control.

N-terminal analysis Paa revealed that the Mengo virus § polypep-
tide does not have a free amino group at this terminus. The nature of
the blocking group and the stage in posttranslation processing at which
it 18 attached (by a cellular enzyme?) remains to Ve elucidated. A
reasonable guess, howéver, 1svchat this nodifiéation occurs at the time
when A is converted to B. The function of the blocking gfoup would then

be to prevent degradation of B (and subsequently €) by exupeptidAses.

2.) Secondary cleavages (B + ¢ + D2; D2 » y + a). While a host

enzyme is probably responsible for nascent cleavages of the "polyprotein",
and the A + B conversion may be autocatalytic, it is rea.onabl& certain
that a virus-specified or virus-induced protease is required for the
formation of ¢, y, and a (VPO, VP3, and VPl in the poliovirus system).
Korant (1972) bas shown that "polyprotein'" isolated from poliovirus-

infected, TPCK~-treated cells underwent only nascent cleavages vhen

incubated with an extract of uninfected cells. Treatment of the

84



"polyprotein' with an infected cell extract, however, resulted in the
generation of the VPO, VP3, and vP1 proteins.

Furthermore, secondary (but not nascent) cy;avages are blocked in
poliovirus—infected cells by iodoacetamide (IAA).l Korant (1973) has
shown that NCVPla (analogous tc protein B, Figure 12) isolated from TAA-

treated, poliovirus-infected cells can be cleaved in vitro by infected

.

cell extracts to yleld VPO, VP3, and VP1l. Becsuse IAA preferentially
alkylates sulfhydryl groups, it may be that an -SH group is essential

for the catalytic functioning of the putative viral protease in a manner

Ki

analogous to that of papain (Arnon, 1970).
If the protease activity involved in these secondary cleavages
is virus-specified rather than virus-induced, the limited amount of

information encoded in the Mengo RNA gencme suggests that a single pro-
. -
tease species is involved in the conversigna B » e + D2, and D2 - y + a.

»

A possible candidate for such a Mengo virus-specified protease is the

non-capsid polypeptide F. This protein is a stable product of the
original "polyprotein' nascent cleavages and has a molecular weight of
38,000 (Paucha et al., 1974). The analogous protein in thé\poliovirus

replication system is NCVPX.

Since the C-terminal amino acid of the € polypeptide is not known,

and because the C—tetlinil residue of y could not be determined, it 1is
not possible to make any definitive statement about the peptide bond
specificity of the viral protease. It is quite probdble, however, that
conformation of the substrates is the most important factor in detﬁii'

aining which peptide bonds are hydrolyzed.
‘ ’

3 . k
3.) Morphogenstic clesvage. In EMC virus-infected cells, the

‘comversiom ¢ + 6 + 8. occurs dyring the concerted process of capsid

°

- ’ —
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formation and RNA encapsidation (McGregor

t al., 19}5), and may be
mediated by the capsid polypeptide Yy (Lawrence and Thach, 1975). That
there 1{s some protease activity associated with purified Mengo virions
has been shown by Holland et al. (1972).

The morphogenetic cleevage probably 1is not catalyzed by Ehe viral
protease referred to earlier because Korant (1973) has shown thiit the
poliovirus capsid precursor NCVPla isolated from IAA-treatéd iells could
be processed in vitro only to VPO, VP3, and VP1l. Thus,.vithOut capsid
asgsembly there is no conversion VPO + VP2 # VP4 (or in the case of Mengo
virus, ¢ ~ § + g). It 1is Qonceivable that capsid formatiog\by twelve

(c.y.a)5 units could be aecompanied by a conformational change in each

€ chain which renders it susceptible to proteolytic attack by a neigh-

~
%

bouring vy chain.

Whatever the identity of the enzyme responsible for the morpho-
genetic cleavage, itrmay have some specificity for peptide bonde
involving the carboxyl function of aliphatic resjidues, since the C-
terpinal aminp acid of the Mengo virus § polypeptide is alanine. It is
highly likely, however, that the conformational arrangements of the
polypeptide substrate plays the dominant role in determining the site
of action of this enzyme. i

The,relatively constant proportions of ¢ and D2 which are found
in purified preparations of virus (1 to 2 ch;ina of each per virion; see
Chapter 1V.) 1nd1§ntes that the final two cleavages which generyteithe
four capsid proteins are not completed for every precursor molecule. It
may be that the residual quantities of ¢ and D2 polypeptides found in an

"average" virus particle are due to the initial condensation of 1 or 2

molecules of each with the viral RNA. This hypothetical RNA-(e, D2), ,

)
*

BN

—



entity may then serveq as a nucleation center for the (e,y.a)5 structures

during the virus assembly process.

87



VII. SUMMARY AND PROSPECTS

The experiments described herein have demonstrated .that the Mengo
virus structural components, both RNA and protein, do not differ signifi-

-

cantly from the analogous components of the other picornavituae; which
+
have been studied in this regard. Not unexpectedly, the similarity has
been found to extend to the amino acid compositions of the individual
Mengo virus capsid polypeptides as well. While the N~ and C-terminal
analyses of these proteins have not demonstrated that a single peptide
bond specificity is involved in the cleavages which generate the capsid
polypeptides, these data have provided some information regarding the
biogenesis of the structural polypeptides. The observed gimilarities
with the terminal analyses of other picornavirus polypeptides indicates
that, cvolut{onnrily, the substrate sites of action for the cleavage
enzymes have been well conserved.

The procedures which were developed in order to achieve repro- .
ducible purification of the four Mengo capsid polypeptides by SDS- "
hyqroxylapatite chromatography should be directly applicable to the
isolation of '"insoluble'" proteins in other systems, viral or othe;wilc.
Tﬁo same holds true for the nethAd zyich has been developed for the
quanticat&ve Tecovery of the Mengo virus vy and a gglloving separation
by SDS—polynctylunid‘ gel clcctropho?.siu (see Appcndix)

Stopping short of co-p.loto primary .oqumcing studies (vh:lch would
be vcry difficult eo undortnh- due to the large quantities of material
required), this thesis hn- prun:dd a detailed characterization of the

individual Mengo virus structural co'-pon‘.yx. With this information as

‘1 .




background, further experimentation regarding certain aspects of Mengo
virus replication, assembly and structure can now be undertaken. Those
quest lons which can be readily examined in the near future are briefly
discussed below.

Although’the C-terminal amino acid residue of the Mengo y poly-
peptide could not be obtained by carboxypeptidase digestion or hydrazin-
olysis, it may be possible to determine the single terminal residue by
yet another method. Matsuo et al. (1966) have shown that the C-terminal
residues in polypeptides can be cyclized to the oxazolone by the action
of acetic anhydride. The active hydrogen in the oxazolone is then q
replaced with gritium by treatment with 3HZO in pyridine. After hydroly-
sis of the protein in 6 N hydrochloric acid, the tritiated amino acid
residue which 18 present is identified as the C-terminal residue.
Although the method has not been widely applied, it i8 easy to under-
take and should be attempted in the case of the y polypeptide.

Because of the limited quantities of the § polypeptide which can
be readily obtained, it would be difficult to determine the nature of
the N-terminal blocking group and the identity of the N-terminal amino
acid. It may de poéliblo. however, to isolate -uffiﬁient quantitic- of
the ¢, B, and A polypeptides to datermine by dah.ylatiSE'the -tage'in
posttranslational processing at which the blecking gfoup is added (see
Figure 12.). As has bogn suggested, the plocking may occur at the stage
of the A + B conversion. . ’

Earlier work (Ziola and Scraba, 1974; Mak et al., 1974) has
revealed that the Mengo virion possesses the same basic architectural
design as the ME virion (Rueckert et sl., 1969). The exact arrangement

of the ltrucﬁurnl polypeptides in the viral capsid, however, is not

-
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known. In this regard, preliminary iodination and chemical cross-linking
experiments with the Mengo virion have provided some tentative answers.
It is anticipated, ﬂowever, that pursuing these particular experimental
approaches will provide more definitive information about the structure
of the Mengo capsid.

Specific iodination of exposed tyrosine residues on the Mengo
virion was catalyzed by bovine lactoperoxidase which had been covalently
coupled to Sepharose 4B (David and Reisfeld, 1974). Using short reaction

125

timee (less than 5 min), 1 was incorporated only into the largest

Mengo capsid polypeptide, a. With longex f?‘min), 1251 incorpo-
N T o B8
ins,,

rdation was found in all four capsid prote hew and M«

4

obtained identical results with bovine enterovirus using soluble r

than solid-state lactoperoxidase. These data indicate that in the intact

picornavirion, the a or VPl polypeptide occgpiel much of the surface and

only after the capsid starts to dissemble does 1251 get incorporated

into the other capsid polypeptides. From this information, it was

speculated that the a protein is the antigenically dominant progein in

the Mengo virion (i.e., induces formation, of neutralizing antibodies).

Studies with antibodies formed against p?lrifiod Mengo virus capsid poly-

peptides have supported this conteation (G. Lund, personal ‘communication).
SpS-polyacrylamide gel electrophoresis of Mengo virionf wvhich had

been '-olubﬂiiod after reaction with dimethyl suberimidate revealed gpe

presence of high -olccullt<:::rﬁij cross-linked protein aggregates.

rraQ the rates of disappear e of the four capsid proteins as well as

the estimated molecular weights of the nivly formed cross-linked aggre-

gates, the following (preliminary) oblcrvagiona.have been made: 1.) the:

a protein reacts with the dimethyl suberimidate very rapidly, cross-
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linking with itself or with the y protein; 2.) the y protein cross—-links
less rapidly than a, reacts with B in addition to a, and does not cross-
link with {tself; 3.) the B protein cross-links slowly and does so only
with vy, it does not cross-link with itself and is only found associated
with a through the formation of an aBy "artificial' 4.7 S structural unit;
and 45 the § protein does not react at all. The chemical cross-linking
results (in conjunction with the fodination studies) suggest that the a
polypeptidés occupy the vicinity of the icosahedral vertices in the vir-
ion. It appears that the y protein is ''sandwiched' between the a and B
polypeptides in the 4.7 S structural units. Finally, the § polypeptide,
because of its non-reactivity, appears to be masked by the other polypep-
tides; consequently, no indication is presently available as to the
locafion of the § polypeptide in the virion.

Since the y capsid polypeptide has been implicated as being the
morphogenetic cleavage enzyme (Lawrence and Tﬁach, 1975), it 1s suggested
that preparations of purifieleengo virus be assayed for protedlytic ac-
tivity. The amino acid sequences of the "matchiég" ends of the é.and 8
polypeptides have been obtained (Tn‘ie’?); conoequcntl§; any proteolytic
activity in the Mengo virion which catalyzed thi;-reaction should be
assayable utilizing lynfh.:ic protein substrates which contain an amino
lbld;ooquo-qc identical to that of the 6 C-terminal and the B %;terninalf
If. such a/pfoloolytic activity does exist in the Mengo virion, ii may
rcquit; Mncti;acion" by ; partial loosening of the viral capsid such that
the vy (?7) protease can interact with the luﬂ.trate provided. A natural
substrate which may be lubcriof to synthetic lub-ttnte; i-'tho Mengo
virus precursor protein A. It may be possible to isolate suitable quan-
tities of this ytqtcin ftonvcclln infected in the presence of Zn++ anAYor

)

iodoacetamide.
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APPENDIX

RECOVERY OF PROTEINS FROM POLYACRYLAMIDE GELS

BY ELECTROPHORESIS INTO HYDROXYLAPATITE

Introduction -~ .

@

SDS-polyacrylamide gel electrophoresis has gained vide acceptance
as an analytical tool for assa;ing protein at progresesive stages of pu-
rification. The application of this method to preparative procedures,
however, has been hampered by dilution of the protein upon elution or
extraction from gels and by contamination of thé recovered protein by a(
gel impurity which 1s believed to be linear polyacrylate (Chrambach and
Rodbard, 1971).

During the course of studies on the Mengo virus capsid proteins
(see éhaptcr V.), difficulty was occasionally encountered in separating
two of the four major virus structural polypeptides (i.e., the a and Yy
chains of molecular weights 32,500 and 23,700, respectively) using the
SDS-hydroxylapatite chromatography method of Moss and Rosenblum (1972).
As a result, a method was developed for the quantitative recovery of
these two proteins following their separation by SDS-~polyacrylamide gel
electrophoresis. The method overcomes the protein dilution problem of
most preparative electrophoresis systems; and in addition, uv absorption
lpoccfa of the recovered protein indicate that there is vcr& little con-
temination by gel impurities. This preparative broccdutc should prove
appliyubhvco any polypeptide isolation where 8n8-polyac'ry1aa1de gel
electrophoresis can be.used for separation.
inch- purpose of illustration, a descripticn is given of the

":i - .
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isolation of a-chymotrypsinogen A (a-chtgn A) from a mixture of proteins.

Materials and Methods

Lactic dehydrogenase (LDH) and a-chtgn A were obtained from Sigma
Chemical Co., carboxypeptidase A (CBP A) and a-chymotrypsin (a-cht) were
from Worthington Biochemicals, ang Hyoglobinl(nyo) was from Schwatz/Mann
Biochemicals. The molecular weights of these proteins were taken to be
36,000, 25,741, 34,400, 25,330, and 17,600, respectively (Webgr and
Osborn, 1969; Dunker ;nd Rueckert, 1969). The dye Remazol Brilliant
Blue R (RBBR) was purchased from Calbiochem. Acrylamide and N,N'-methyl-
enebisac?ylanide were obtained from Eastman Organic Chemicals and re-
crystallized according ro the procedure described by Loening (1967).
DTT, technical grade SDS, and hydroxylapatite in powder form (Bio-Gel
HTP) were purchaagd from Sigma Chemical Co.; Matheson, Coleman and Bell;
and BioRad Laboraﬁoriea, respectively. All other chemicals were reagent

grade.

- SDS-polyacrylamide gel electrophoresis. All gels consisted of
s .

102 acrylamide, 0.2 N,K'-methylenebisacrylamide, 0.1Z SDS, and 0.1 M
sodium phosphate, pH 7.2. Polymerization was catalyzed by N,N,N',N'-
cotr-ncthylethg}engdiun1ne and ammonium persulphat¥, both at final con-

¥
centrations of 0.075%. The gels were preelectrophoresed for a minimum

3t
of 1 hr. &

LDH, a-chtgn A, and a-cht were each dissolved in 0.01 M sodium
phosphate, pH 7.2, containing 2% SDS and 10X glycerol. CBP A and Myo
vere ltftnod by the protein-RBBR coupling progodure of Griffich (1972)
- and mg,a.“olvd. ;A nixture containing 1.5 mg esch of m and

e
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a-chtgn A, and 3.0 mg of a-cht i-s madé 5% with respect to B-mercapto-
ethanol (final volume, 770 ul) anh heated at 100° for 5 min. Under
these conditioms a-cht diasoclates to its constituent A, B, and C'chaips
of molecular weights 1,240, 13,930, and 10,160, respectively (Dunker and
Rueckert, 1969). 150~ul ‘aliquots were layered onto each of five SDS-
polyacrylamide prepaxative gels (1 cm X 6 cm) directly beneath the
electrophoresis buffer (0.1 M sodium phosphate, pH 7.2, containing 0.1X
SDS). A 150-1:1 sample containing 300 ug of each of the prestained
marker proteins, CBP A-RBBR and Myo-RBBR, was similarly prepared and
layered onto a sixth gél. Electrophoresis was at 9 to 10 mA/gel for

10 hr.

Following electrophoresis, the marker gel was aligned with each
preparative gel and the region containing the a-chtgn A cut out. As
shown in Figuge 13, the preparative gels were cut at the mid-point of
the CBP A-RBBR band and at the trailing edge of the ﬁyo-RBBR band. The
five gel slices, each 7 to 7.5 mm high, were then stacked in a gel tube
having a slightly constricted bottom (Figure 15, upper right). Electro-
phoresis buffer was used to remove trapped air bubbles from between the

slices and along the wall of the tube.

Protein recovery by electzophoresis into hydroxylapatite. As

;hovn in Pigure 13 (lower right), an Sbs-polyncrylalide gel plug (1.5 o
high) was cast in a second, slightly larger tube (1.35 cm internal
diameter). ‘A 3 mm layer of G25 medium Sephadex was then placed on the
gel plug. 1 g of hydroxylapatite powder was suspended in electro-
phor;oip buffer and fine material removed twice. The hydroxylapatite

slurry m then thorbuh;.y degassed and layered onto the Sq»hndc The
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A\l

M?;r.l:or Pn%or'otm
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)

A - —>Gel Slices

B8
c Electrophoresis
D Buffer.

Hydroxylapatite

Sephadex Layer
Gel Pluwg

Figure 13. (Left). Sepaxation of a-chtgn A from a mixture aof proteins

by SDS-polyacrylamide gel electrophoresis. “The preparative gel is shown
_ as it would appear if stained with Coomassie blue. The marker gel is

shown as it appeared after electrophoresis. The protein bands are:

A = LDH, B = a-chtgn A, C = a-cht B chain, D = a=cht C chain, X = CBP A-

RBAR, and Y = Myo-RBER. Slices wers cut from the preparative gels as

indicsted.
°  Piguxe 13:. (Right). Schematic repressntation of the apparatus used to
recover ths e~chegn A from the preparative gel slices. Dismeesions and

ik ise of mwmmnmu«emmm
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toé and bottom tubes were brought together such that the elution surface
of the top tube was Jultinbove the surface of the settled hydroxylapatite.
After sealing the joint between the two tubes with parafilm to prevent.
cvaporltioﬁ of the buffer, electrophoresis was carried out at 25 mA for

8 hr. During this time the a~chtgn A migrated from the gel slices into
the)hydroxylapatite.

Using a Pasteur pipette with a 3 to 3.5 mm orifice, the hydroxyl-
apatite was then carefully transferred to a glass column containing a
small bed of G25 medium Sephadex. The hydroxylapatite was washed at 4
to 6 ml/hr with five bed-volumes of 0.12 M sodium phosphate, pH 6.4,
containing 1 mM DIT and 0.1X SDS. Increasing the phosphate concentra-
tion to 0.5 M elutea the a-chtgn A since it has beeﬁ shown previously by
Moss and Rosenblum (1972) that SDS-—complexed proteins are eluted from
SDS-hydroxylapatite columns by 0.2 to 0.5 M sodium phosphate, pH 6.4,
containing 0.12 SDS and 1 mM DTT. Pro;cin rrcovery w&% monitored by

measuring the absorbance (at 282 mm) of the eluate.

Analysis of the recovered a-chymotrypsinogen A. Following

elution from the hydroxylapatite, the recovered a-chtgn A was divided
into two portions. The first was dialyzed against 0.1X SDS in distilled

water and lyophilized. The resultant SDS-protein complex was dissolved

at a final SDS comcentration of 2% usiq 0.01 M sodium phosphate, pH 7.2,
containing 38 mpcy:ml l.ﬂ glycerol. The .oxuuon was
..m.tmo' focﬂdnuﬂﬂnmteyo!eha—cbmAMyMby
"a—mnn,me\z;:mmmm (0.6 o X
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Tigure 13, Analytical SD8-polyacrylanide gel electrophoresis of the
‘a=chtgn A'purifisd from a mixture of protains by the method depicted in

" Figuge 13. Por description of the lettering, ses Pigurs 13. The gel on
thi Jakt ahay zegovered 38 As apd the gel on the right, the
LarE: ' Mlinpts. wes for 4 hr at S'mA/gel
‘ b astained aceoyding to the pro- -
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The second portion of recovered a-chtgn A was set to dialyze
againat 2,000 volumes of electrophoresis buffer. Dialyzed concurrently
wasg ‘a ".ttjg'td" -o}ution of a-chtgn A prepared by dissolving 1.5 mg of
untreated protein in 2 ml of 0.01 M sodium phosphate, pH 7.2, containing
2X SDS and 51 g-mercaptoethanol, foilowed by heating at 100° for %/91n
After dialysis at room temperature for 36 hr, the two dialyzates were

-~

adjusted to the same absorbance at 282 mm. The uy, absorption spectrum

*
4

of each protein solution was then obtained using Cary Model1l5 re-
3

cording spectrophotometer (Figure 15). ’

Y
A

1 '3’

- Results and D%% &#&
. S

Recovery of a-chtgn A was quantitative (93 t 5%, average of five

deterlinazions) following purification from a‘nixture of proteins by the
method described. 6ﬁnnt1tat1ve recoveries of the Mengo virus a and y
proteins have also been routinely achieved (see Chapter V.). Since the
purified brotein is eluted from the hydroxylapatite in concentrated form
(total volume of 3 to 4 ml), protein losses during subsequent reconcen-
tration steps ;re minimfszed.

The purity of the recovered a-chtgn A is shown by Figures 14 and
15. Annlyticnl SDS~-polyacrylamide gel nloctrophotouin (Figure 14) re-
vealed :hat th-r. vas no contamination of the o-chtgn A by LDH or the B
or c chaing of c-cht cqnpaxioon o! the uv cbootption spectrum of the.
recoversd c-chm A with the spectrum of the or:l.giul a-eht;n A (Pigure

"18), iilxcntod that there was yexry licele eo}frnination of the recovered
proteis &r-.al.tnpux;ftg. which stroagly abeo

b uv light of low wave-
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Any laboratory containing the materials necessary for analytical
SDS-polyacrylamide gel electrophoresis can readily use the method
described for protein purifica&lon. In doing so two aspects must be
considered. ,¥First, some means must be available for rapidly localizing

.

the region of the preparative gels which contains the protein to be

.
isolated. Concurrent electrophoresis 6( RBBR-stained marker protefns
is one method (Figure 13, left). Should the protein to be purified have
a high cysteine content, an alternative procedure is the reversible
staining o{'thc protein itself with the dye mercury orange (Sakai, 1968;
Stoltzfus and Rueckert, 1972): After the protein is eluted from the
hydroxylapatite, the dye can be removed by treatment with acidic acetone.
Acidic acetone not only regenerates the protein but also has ;he added
advantage of precipitating the protein while leaving the SDS it solution
(Putnam, 1948; Stoltzfus and Rueckert, 19;2). In this regard, Mengo

virus structural proteins have been routinaly recovered from SDS-

hydroxylapatite column eluates by acidic acetone precipitation (see

Chapter V.).
The second consideration 1; determining the minimm time neces-
sary for oloctrophoricio of the protein from the gel slices into the
hydroxylapatite (Figure 13, right). Imn this ijtd, a RBBR-stained
-n'rknt protein can be used once the components of the recovery apparatus
snd the electrophoretic .comditions have been standardizsed. For u-’_plc,‘
with the protein recovery apparatus shown in Pigure 13 (and described
sbove), it requixed 7 hr at .25 mA to electrophorese CBP>A-RBBR from five
gol u.u-’ into the hy'dtmlmtin. After electrophoresing for an
O“ttionll 7 ht. thl C.IP A-llll was still coppletely contained within
- “M slow sovement through the lvdroxyhp:un
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was evident. Consequently, for the recév.ry of a-cthn A (whose

molecular weight is approximately 9,000 less than that of CBP A), an
‘E?Lctrophorooil clearing time of 8 hr was d;cid.d upon: If the prJtein

to be recovered can be stained with mercury or;ng. (;co above), the *

electrophoresis of the protein from the gel slices into the hydroxyl-

paptite can be followed directly.

In conclusion, a procedure is described for the recovery of
proteins following separation from contaminants by SDS-polyacrylamide
gel elcettophorenis. The method can be undertai:h using readily availa-
ble and inexpensive materials. The new method overcomes the two main
problems of preparative polyacrylamide gel electrophoresis systems;

namely, recovery of the purified protein in diluted form and extensive

contamination of the recovered protein by uv absorbing gel impurities.

~



