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ABSTRACT

Two proteins, VPgA and VPgB, are covalently bound to the
virion RNA of encephalomyocarditis (EMC) virus. Their molecular
weights, as determined by polyacrylamide gel electrophoresis
in the presence of sodium dodecyl sulfate are 10,000 and 8,000,
respectively. A study of nucleotide-peptides isolated from
VPg-RNA compound has shown that VPgA is bound to the 5'-termi-
nal nucleotide of RNA by a phosphodiester bond. The 5'-terminal
nucleotide of RNA is uridylic acid. It is the hydroxy group of
the Tyr residue of VPgA that is involved in the formation of
the linkage with RNA. VPgB-RNA seems to be similar to VPgA-RNA
both in the structure of the RNA-protein linkage and loceliza-
tion of VPgB on RNA.

INTRODUCTION

The genomes of picornaviruses are 3Lpolyadenylated single-
stranded plus chains of RNA. Virion RNAs of picornaviruses
(i.e. of poliovirus type I, EMC virus, foot-and-mouth disease
virus and mengo virus) are covalently bound with low molecular
weight virus-specific proteins (VPg) /1-8/. In the case of po-
liovirus, the linkage between VPg and RNA involves the 5'-ter-
minal uridylic acid of RNA and the hydroxy group of the tyrosi-
ne residue of polio-VPg /9,10/. VPg is linked not only to the
virion RNA of poliovirus, but also to the minus chain of RNA
and to nascent RNA strands of the polio replicative interme-
diate /11,12/. Viral mRNA, however, lacks VPg /13,14/.

The function of VPg is being investigated now. For eluci-
dating this function and for understanding the mechanism of
formation and hydrolysis of the linkage between the protein
and RNA, the structure of the VPg-RNA compound should be stu-
died. This paper describes our data pertaining to the chemical
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nature of the linkage between the two VPg proteins and EMC vi-
rion RNA.

MATERTALS AND METHODS

Viral RNA

32p_labelled EMC virion RNA was prepared from purified EMC
virus grown in Krebs II ascites cells in the presence of 32P-
orthophosphate as described previously /5/. The specific radio-
activity of EMC virion J2P-RNA was 3-10%-10° cpm/pg RNA.

Enzymatic digestions

Limit digestion of RNA with RNases A (Worthington), TI
and T, (Sankyo) was performed as described in /15/. The condi-
tions for micrococcel nuclease (Sigma) hydrolysis have been
published /9/. The reaction conditions for carboxypeptidase 4

(Sigma) and leucineaminopeptidase (Serva) were as described in
/16/. Pronase (Calbiochem) digestion was in 0.5 ml 0,01 M Tris-
HC1 (pH 7.5) at an enzyme concentration of 0.1 mg/ml for 15 h
at 37°C. Bacterial alkeline phosphatase (Worthington) hydroly-
sis was carried out for I h at 37°C using 60.Pg/ml of the en-
zyme in 50 pl of 0.03 M Tris-HC1l (pll 7.5). To inactivate the
phosphatase, the sample was heated at 100°C for 5 min in the
presence of I mk EDTa. Snake venom phosphodiesterase (#orthing-
ton) digestion was performed for 2 h at 37°C with 40 pg/ml of
the enzyme in 50 pl of 0,03 M Tris-HCl (pH 8.0), 0.01 M MgClZ.

Plastic tubes and pipettes pretreated with a solution of
bovine serum albumin (I wmg/wl) for 5 min at 60°C were used
with the VPg-containing compounds.

Acid hvdrolysis of nucleotide-peptides

Hucleotide~peptides were hydrolysed in vacuo with 250 pl
of 4 K HC1 for 6 h at 105°C., The hydrolysate was evaporated and
dissolved in water.

Polyacrylamide gel (PAG) electrophoresis

PLG electrophoresis (12.5%% acrylamide) in 0.1% sodium do-
decyl suliate (SD3), 8 i urca was as described in /17/. Cytoch-
rocme ¢ (lLVW. 12,300) add insulin (liLVw,. 5,700) were used as mar-
ker proteins., 32P-containing material was eluted from PAG with
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a solution of pronase (0.1 mg/ml).

Paper electrophoresis

Electrophoretic separations were performed in ammonia/for-
mic acid buffer (pH 3.5) or acetic acid/formic acid buffer (pH
1.7) on Vhatman 3111 paper, the voltage gradient being 60-90 v/
/cm. If a sample was contaminated with salts or urea, the 2P--
containing fractions were rerun without additional treatment.
The resolved substances were eluted from the paper with water.

Thin-layer chromatography

Thin-layer chromatography wes carried out on celluloseqle
tes (Bastman Kodak) in solvent systems: (A) first dimension,
ipobutyric acid/concentrated ammonia/water (66:1:33, v/v/v);
second dimension,i-propancl/concentrated HCl/water (68:17:17,
v/v/v)e (B) first dimension, isobutyric acid/0.5 I ammonia
(5:3, v/v); second dimension, isopropanol/concentrated HC1l/wa~
ter (70:15:15, v/v/v)., The position of nuclectide markers was
determined by UV absorbance; O-phosphoamino acid markers were
detected by ninhydrin staining.

The synthesis of marker O-phosphotyrosine from L-iyrosine
wes performed as in /18/. The product was identified by spect-

rophotometric titration and elecctrophoretically before and
after treatment with bacterial alkaline phosphatasec.

Detection of radiocactivity
32

P-radicactivity in PAG was detected by autoradiography.
32P--(or 3H-)radioactivity on ‘\(hatman paper or thin-layer plates
wvas deterrmined by measuring the radicactivity of strips in a
toluene scintillator.

RisSULTS

Dipgegtion of ulfC RIIA and fractionation of the hydrolysate
3

BLiC virion 2P-RIL’\ isolated by three phenol deproteiniza-
tions of JLC virus was digested with a mixiure of nucleasesa,
TI and T2 end the products wiere scparated by pupcr clectropho-~
resis at pll 3.5, Along with 3‘31’-r:10nonucleo1:idcs, part of the

-
3"P-conta.in:[ng matericl was recovered as a diffuse spct migro-
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ting toward the cathode, thus being positively charged at

pH 3.5. This compound had a low electrophoretic mobility

(-0.2 relative to zylene cyanol (XC) ) and adsorbed firmly on
the surfaces. Therefore, PAG electrophoresis in the presence

of SDS vias used for the analysis of hydrolysate. In our pre-
vious experiments the results were identical regardless of
wvhether “he RWA hydrolysate or the substance positively char-
ged at pH 3.5 and isolated by paper electrophoresis vias subjec~
ted to PAG electrophoresis - one 2P-conto.ining zone was detec-
ted in PAG /5/. Fig. 1 shovws the results of TAG electrophoresis
of the RFA hydrolysate st & higher voltage gradient (20 v/cm,
5 h)e Two 32P-containing zones were detected in PAG, the mobi-
lities of which corresponded to these of proteins with molecu-
lar weights of 10,000 and 8,000. The ratio of radicactivity in
these zones varied in different experiments. Up to 204 of the
radiocactivity detected in these two zones were deteined at the
origin. Treatment of RIlA with alkaline phosphatase prior to RHA
digestion, as well as treatment of the RIIA hydrclysate with

f -mercaptocthanol (1%, 60°C, 10 min),did not elter the elect-
rophoretic pattern.

A compound migrating towviard the cathode was recovered when
combined 32P-mntcrial was isclated from PAG and anelyzed by
paper elecirophoresis (deta not showvn). The results of pronase
treatment of this compound are shovm in Fig. 2. At least 70%
of the extracted 32P—labelled compound proved to be sensitive
to pronase trcatment. The amount of liberatcd free phosphate
varied in seversl experiments, probably owing to inspecific
adsorption of'Pi vwhich ih most cases was insignificant.

The obove dato suggest that the products of hydrolyais of
UUC virion RIIA contain proteins with molecular weights of
10,000 and 8,000, which we designate as VPgA and VIgB, respec-
tively., These proteins are linked to a product of complete RNA
digestion, i.e. nucleoside phosphate, nuclecoside diphosphate
or dinuclecotide, depending on the location of VIg's within the
virel genome and the type of linkage. Treetment of these com-
pounds with pronase yielded nucleotide-peptides I, II and III
(cee PFige 2).
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are indicated. the markers, O-place of sample
application,

Identification of VPg-linked nucleotide

Hucleotide~peptides I, II and III (Fig. 2) were treated
with bacterial alkaline phosphatase and pronase and analyzed by
paper electrophoresis at pH 3.5 The results are prescnted in
Fig. 3. Mucleotide-peptide I did not markedly change its clect-
rophoretic mobility after this and all subsequent trcatments;
this noy be accounted for both by the insensitivity of substan-
cae I or by inactivation of the enzymes, as the material in the
site of samplc application was contaminated with urea extracted
from PAG.

Successive alkaline fhosphatase and proncse treatment
yielded nucleotide-peptides X and Y (from nuclcotide~peptide
II) and nucleotide-peptides Y and Z (from nuclecotide~peptide
III). In both cases about half of the 32P-radioactivity was
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Fig., 3. FPaper electrcphcresis at pH 3.5 of nuclectide-peptides
treated with bacterial al:aline phosphetase und prone-

se. A, nucleotide-peptide II. B, nucleotide-peptide I (- - - =)

and nucleotide-peptide III ( }. 700 cpm and 640 cpm

of treated nucleotide-peptide II and I1I,respectively, were

applied.

released Irom nuclectide-peptides II end IIXI in the form of
incrganic phosnhate. The nuclectide-pepiides 1I and IIT isola-
ted as described cbove precved to be completely resistant to

Oe1 LI 35a0H (37°C, 1.5 h) and 4 H HH20H (pH 5,0, 37°C, 1.5 h).
Resistance to mild elkeli treatnent and liberstion of the helf
of the radioactivity as free phosphate after complete bacterial
phogphatase digesiion tesiifies to the possible participation
of the phosphatc group of the nucleotide in the linkage with

VPg, as it will be proved further.

To identify the nucleotide linked with peptides, nuclecti-
de-peptides I, M, Y and Z were trected with snoke venom phos-
phodiesterasc and analyzed by paper electrophoresis at pH 3.5.
The wvhole of nucleotide~peptide X and one-third of nucleotide-
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peptide Y were converted to a ccmpound with the electrophoretic
mobility close to that of Up (I'ig., 4). Mucleotide-peptide Z was
alsc sensitive to phosphcdiesterase ircatment, but we failed to
isoclate the products of its hydrolysis. Phosphodicsterase-resis-
tanv portion of nucleotide-peptide Y proved insensitive to the
subsequent treatiment with I I JIC1 (37°C, 1 h).

A compound with the electrophoretic nobility close to that
of uridylic acid was identified by two-dimensional thin-layer
chromatography on cellulose plates using solvent system A. Both
in the case of nucleotide-pcptide I and nucleotide-peptide Y,
snake venom phosphodiesterase treatment liberated uridine~5'-
phosphate. The same results were cbtained with 1RC virion nrNA
labelled with JH-uridine by us /6/ and with S°P-labelled RNA
by Golini et al. /4/.

The hydrolytic properties of the nuclectide-peptides tes-
tify to the fact that their nucleic acid and protein components
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Mg. 4., Paper electrophoresis at pH 3.5 of nucleotide-peptiides
treated vith snaoke venom phosphodiesterase., A, nucleoti-

de-peptide I (= = = ~ ) and nucleotide-peptide X ( );

B, nucleotide~peptide Y.
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are linked via a phosphodicster bond., PFrom the snake venom phos-
phodiesterase specificity one mey infer that the VPg-RlIA linke-
ge is localized at the 5'-terminal nucleotide of RWA, which is
then uridylic acid. The VPg-RIIA linkage in ELIC virus can there-
fore be presented as VPg-pUpe..

Tdentification of the amino acid participating in the formation
of VIPg-RHA linkage

VPg proteins are bound to EiIC virion RIIA via a phosphodies-
ter bond., Therefore the amino ecids involved in the formation
of this bond might be serine, threonine and tyrosine. Phospho-
dieaters of uridylic acid and of these hydroxyamino acids are
spufficiently stablc under the conditions used for nucleotide-
peptide isclation and in the above mentioned conditions of
treatment with LC1l and IMI,0H /19,20/. The stability of the uri-
dylyl-peptide linkoge in 6.1 11 HaOll can be accounted for by both
the stability of the phosphodiesters in serine and threonine di-
ond %ripeptides /21/ and by the staobility of the iyroasine deri-
vative of uridylic acid /20/.

Succegagive digestion of uridylatoed VPgh and VPgB with en-
do- and exopeptideses (nronase, carboxypeptiidase A, leucinami-
nopeptidoasc) yielded several nucleotidc-peptides (data not

shovm). Tor nore complete hydrolysis of the peptide fragments,
IC1 trcatment vias used,

A zone of ral corresnonding to VPgh-pUp (see Fig, 1) vas
trecated with pronasc., The extrected nuclcotide-peptides werc
hydrolysed with 4 I IIC1 and analyzed by peper electrophoresis
ot pll 3.5 (Mge. 5). In addition 1o the products of incomplete
acid hydrclysis that viere algo presented prior to HCl treatment
32P-containing noterial vidth a higher electro-
phoretic nobility vias detected. Thease producis (fractions II-

sec Fig., 2), o

2/, 2ig. 5) vere cluted with water and subjected to paper
elecirophcresis at pll 1.7.

Paper cloctrcphoresis at pH 1.7 allowed us to separcte
phosphohydroxyemine acids, i.e. O-phosphogerine (pSer), O-phos-
phothreonine (pThr) and O~phosphotyrosine (pTyr) from uridylic
geid (Pig. 6). In eddition tc a very low amount of uridylic
ecid, uridine-3',5'-diphosphate and, possibly, O-phosphotyrosine,
a coripound containing more than 905 of 32P-ro.dioactivit:,' vas re-
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XC Gp Up pSer Pi Iig. 5. Paper clect-~
cpm 4 ul l 1 rophoresis
700} of VPgA-pUp hydroly-
sed vwith 4 1T lIC1
60op for 6 h at 105°C,
300"

. @
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covercd with the mobility et pH 1.7 close to that of P.,.
However, it became obvious after the electrophoresis of this
compound at pH 3.5 that 1t consisted of twoc compcnents, Pi and
compound "C" (Pig. 7). Treatment of this compound with micro-
coccal nuclease yilelded Up and pTyr in equel amounts, as vas
shovn by paper electrophoresis at pH 1.7 (Pig., 8). Lidcrococecal
nuclease digestion was incomplete, which is probably due to a
low rate of hydrolysis of this substrate., In addition, O-phos-
photyrosine was ldentified by two-dimensional thin-layer chro-
matography on cellulose plates (solvent system B).,

The low yield of pfyr is caused by significant hydrclysis
of phosphomono- and diester bonds in pTyr derivatives cduring

PRy X e, 6. Poper cleci-
cpm A pihe per B Up  pUP rophoresis
lu 1 l 1 l at pH 1.7 of frac-
700} tiona II-24 (Pig.5).
600}
w-
400 |-
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acid treatment and by marked lossez of the analyzed material
atter succeseive separztions,

The susceptibility oZ the bond betveen the nucleotide
and the amino acid to micrococecal rnuclease, as well as gene-
ration ¢f Up and O~-phosvhohydrexyemine acid as the result of
such ireaimenty, arc in complete agrecment with our previous
conclusions about the protein nature of VPg and the phosphodi-~
egter linkage belween VIPg and 5'-~terminal uridylic acid in
RNA /57,

The above data show that the linking ;roup between VigA

and EXC jenomic A is Tyr-O-pUp (compound "C" in Pigs 7 and 8).

Previously, vhen studying a prenaration that contained both
VigA and VPgB, we gucceeded in identifying O-phosphotyrosine

x M. 8. l'aper elect-

cpm rovhoresig at pH 1.7/

sl l l or compound "C" hyd-
rolysed with

micrococcal nuclease,
m-
m,

-10 0 10 !D 30 40 cm

pam
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in the HCl-hydrolyscte of the nucleotide-peptides as the only
O-phosphorylated hydroxyamino acid /22/, This prompts us to

the conclusion that the linkage betwieen VPgB and EIXC virion RiJA
has the game siructure as VPgA-RIIA linkoge,

DISCUSSION
The nature of the linkage between VPg proteinsg and sSHC RIIA

T™vio proteins, VPgA end VPgB, are covalently bound to vi-
rion RIA of DILIC virus. The conclusion ebout the protein nature
of VIPgA and VPgB wes made on the basis of the following deta:
the compounds linked with the 5'-end nucleotide of IILIC RIL\ are
positively charged ot pll 3.5; on being subjected to PAG elect-
rophoresis, they displey the mobilities that correspond to
those of proteins with molecular weights of 10,00C and 3,000;
they are sensitive to pronase treatment, and, finally, VPgA
(and probably VPgB) conteins a hydroxyoninoe ccid that is cove-
lently bound to +the nucleotide, Howvever, labelling of VPg vith
140 amino acids (val, Leu, The, 1 nCi each), and 3H-Tyr
(5 mCi) did not give in our hands a sufficient incorporation
ol the radicactivity in VIg.

The conclusion about the covalent nature of the linkege
between RIIA and proteina was basgsed on the isolation of nuclec-
tide~-pcptldes from the preparation of virion RWA by enzymatic
trecatments; on guscepntibility of the linkage between the nuc-
leic and protein components tc snalke venom phosphodiesterasc
and micrococcel nucleage ireatments; on the hydrolytic stobi-
lity cf these compounds in rild alkeli and acid mediz. These
results prove that ot least VPga is linked 1o the IIIC virion
RIIA by phosphodiecaier bond between the hydroxy group of tyro-
sine regsidue and the 5'-phosphate of the terminal uridylic
acid.

It i3 most likely that VPgB is linked with the 5'-end of
L1¢ RIA in the sinmilar way, os the only nucleoiide detected
in the nucleotide-peptides iasclated from the UiA preparetion
containing both VIg prcteins, is uridylic acid, and {the only
derivative of the amino ecid is O-phosphotyrosine /22/. In ad-
diticn, the nucleotide derivatives of VPgA and VPgB vierc equal-
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1y stable in 0.3 1I HaOH (37°C, 16 h) and nucleotide-peptides
isolated from them had similar electrophoretic mobilities at
pH 3.5.

It is interesting that the VPgA/VPgB ratio veries (0.7 to
2.8), vhereas the total amount of protein (VPgA + VPgB) found
experimentally remains constant. This result can be explained
on the basis of our suggestion that a part of EMC virion RHA
molecules contains VPgB protein instead of VIgA on the 5'-end
of RIIA,

Virus-gpecific proteins assoccieted with genome of picornavi-

ruses (VPg)

The structure of the covalent linkkage of VPg with RHA is
csteblished now for twio picornaviruses, i.e. for poliovirus
(type I) /S5,10/ and {or EIC virus, In both cases the tyrosine
regidue of VPg is linked vie & hydroxy group with the phosphate
group of 5'-terminal uridylic acid of the respective virion
RIIA, Polio~ and LLIC-VPg arc virus-specific low molecular weight
proteins, LMC-VPg has *he highest molecular weight among VPg

proteins of picornaviruses /4/. Varying the conditions of PAG
elecirophoresis for VPg-pUp, we found out that two, rather
than one VPg, i.e. VPgA end VPgB, arc bound to &liC virion RIA,
Beth VPg's have a single polypeptide chain,

It vould be interesting to compare VPgA and VPgB. Therec
are two pogsibilities: VPg\ and VPgB could be related or un~
related prcteins. In the former case VPgD could be formed as

o regsuli of termination of tronslation at the terminaticn
codon, preceding that of VPzi, or clse, as a result of posi-
tranasletional cleavege, The latter hypotheslis seems 1o be quite
realistic, as the processing of I proteins is well establi-
ghed /23/, “hen ihere will be 1ivo posgibiliiies, i.e. proces-
sing of free protein or processing cof the protein covalently
bound %o RW.: (or nucleotide).

The function of VPg prcteins remaing obscure., It seems to
us that the ideac that VPg; ploys the role of primer for initia-
ting synthesis of vircl R /27/, deserves special attention,
It can be speculeted that both VPg proteins are formed as a re-
sult of processing of uridylated viral replicase. The fect that
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the structure of covalent VPg-RNWA linkage in ZlC virus and po-
liovirus is identical (except that in ElIC virue two VPg forms
are found) prorpts one to the conclusion that picornaviruses
have o common mechanism for the formation and hydrolysis of
VPg~-RIA bond.,
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