
VIROLOGY 113,174-187 (1981) 

Aminoacylation of Barley Stripe Mosaic Virus RNA: Polyadenylate
Containing RNA has a 3/-Terminal Tyrosine-Accepting Structure 

A. A. AGRANOVSKY, V. v. DOLJA,t v. G. GORBULEV, 
YU. v. KOZLOV,t AND J. G. ATABEKOV1 

Laboratorrl of Bioorganic Chemistry, and Department of Virolow, Moscow State Universitll, 
Moscow 11718., and t Institute of Molecular Biologfl of Academll of Sciences, Moscow, USSR 

Received September 8, 1980; accepted March 6, 1981 

Barley stripe monie virus (BSMV) RNA whieb was previously reported to eontain 
poly(A) sequences (Agranovsky et al., 1978) ean be specifically esterified with tyrosine 
in vitro in the presence of an aminoacyl-tRNA syntbetase fraction from wheat embryos. 
All the tbree RNA components of tbe BSMV strain with a tbree-component genome 
(Norwieh) and botb RNA eomponents of a two-eomponent strain (Russian) can be ty
rosylated. The poly(A)-containing (bound 10 oligo(dT)-ceUulose) and poly(A)-defieient 
(not bound 10 oligo(dT)-cellulose) fractions of BSMV RNA displaya similar amino acid
accepting ability. The nueleotide sequenee whieb aceepts tyrosine is coupled with the 
intact genomie polyadenylated BSMV RNA. The viral RNA isolated after suerose density 
gradient centrifugation under drastie denaturing conditions retains its aminoaeylating 
activity, whieb suggests that this aetivity is not due 10 tbe presence in a BSMV RNA 
preparation of a tyrosine tRNA associated witb BSMV RNA. Inhibition of aminoaeylation 
of tbe S'-oxidized (treated witb sodium metaperiodate) BSMV RNA suggests that the 
tyrosine-accepting strueture is loca1ized at the S' terminus of BSMV RNA molecules. It 
is sbown that segments of different lengths obtained upon random fragmentation ean 
be tyrosylated. The S'-terminal (tyrosine-accepting) poly(At segments ean be i80lated. 
The shortest segments of viral RNA eapable of beini aminoacylated [i.e .. containing both 
tRNA-like strueture and poly(A)] consists of approximately 150-200 nueleotides. The 
analysis of the oligonucleotides derived from individual BSMV RNA eomponents labeled 
with l2p at the S' end revealed two types of S'-terminal sequenees different from poly(A). 
It is suggested that a poly(A) sequence is intercalated between a S'-terminal tyrosine
accepting strueture and the S'-terminal portion of poly(At BSMV RNA. 

INTRODUCTION 

The ability of the virion RNAs of several 
viruses to accept specific amino acids in 
a mode similar to the· aminoacylation of 
eellular tRNAs has been reported in the 
last decade (for review, see Hall, 1979; 
Atabekov and Morozov, 1979). Turnip yel
low mosaic virus (TYMV) RNA can be es
terified with valine in areaction with ami
noacyl-tRNA synthetase from E. coli 
(Pinck et al., 1970; Yot et al., 1970) as well 
as with a eukaryotie enzyme (Kohl and 
Hall, 1974). RNAs of bromo- and eueu-

I To whom a11 correspondence and reprint requests 
should be addressed. 

0042-6822181/110174-14$02.00/0 
~tCl.l~A~P~l= 
All ri8hta 01 reproduttioD in "'1 r"rm noervod. 

moviruses accept tyrosine (Hall et al., 
1972; Kohl and HallL.1974); RNAs of eom
mon strain TMV (uberg and Philipson, 
1972), eucumber viruses 3 and 4 (our un
published data), and K strain TMV all ac
cept histidine, whereas cowpea TMV ac
eepts valine (Beachy et al., 1976). 

It has been shown that a tRNA-like 
structure is present at the 3' end of some 
plant virus RNAs. The primary structures 
of the 3'-terminal fragments of TMV, 
brome mosaie virus (BMV) and TYMV 
RNAs whieh accept histidine, tyrosine, 
and valine, respectively, have been re
ported (for review, see Hall, 1979). 

Surprisingly, the 3'-polyadenylated vi-
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rion RNAs of picornaviruses have been 
found to also accept specific amino acids. 
RNAs of encephalomyocarditis (EMC) vi
rus and mengovirus can be esterified with 
serine (Lindley and Stebbing, 1977) and 
histidine (Salomon and Littauer, 1974), 
respectively. Unlike the plant viruses 
mentioned above, picornaviruses seem to 
contain tRNA-like structures in the inter
nal but not at the 3'-terminal region of 
their genomic poly(A)+ RNAs (Lindley 
and Stebbing, 1977). . 

Two additionalphenomena illustrating 
different forms of virion-associated cel
lular tRNAs have been noted. Thus, vi
rions of eggplant mosaic virus (EMV) (a 
member of the tymovirus group) were 
found to contain lysine-accepting 4 S RNA 
noncoyalentlybound to the viral genome 
(Pinck et 'al., 1974; Pinck and Hall, 1978). 
1t has also been shown that cellular tRNA . 
molecules serving. as primers for reverse 
transcription are cOlnplexedwith a spe
ciftc site in the virion RNA ofretrovirusf;ls 
(Randerath et al., 1971; Rosenthai and Za
mechnik, 1973; Wang et al.;, 1973). Firm 
binding of host leucine tRNA toMS2 vi
rions has also been demonstrated (Di
Natale and Eilat, 1976). 

The object of the present investigation, 
barley stripe mosaic virus, has a function
ally divided genome. An unusual feature 
of BSMV is its variability as agenetic sys
tem. The number of RNA components, 
designated as RNAs 1, 2, 3, and 4, and hav
ing molecular weights of 1.40-1.50, 1.17-
1.24, 1.04-1.20, and 0.93-1.05 x 106

, respec
tively, varies from two to four in different 
BSMV strains (Jackson and Brakke, 1973; 
Lane, 1974; Palomar et al., 1977). More
over, the proportion of genomic compo
nents in the same strain can be altered by 
the loss of RNA 3 and/or RNA 4-in the 
ca se of a four-component strain-by 
transferring of BSMV at high dilutions 
(Palomar et al., 1977). 

It has been reported that the total 
BSMV RNA preparation represents a pop
ulation consisting of poly(At (60-80%) 
and poly(At (20-40%) moleeules (Agra
novsky et al., 1978). The 5' end of BSMV 
RNA is blocked with a cap structure 
(Agranovsky et al., 1979). The length of 

poly(A) tracks in BSMV RNA was found 
to be 8 to 30 nucleotides with 19- to 28-
nucleotide fragments being predominant 
(Negruk et al.,1979). It was suggested that 
the poly(A) sequence is located at the 3' 
end of BSMV RNA (Agranovsky et al., 
1978). This conclusion should now be re
vised by our results presented below. Here 
we show the presence of a tyrosine:,ac
cepting structure in genomic RNAcom-

, ponents of BSMV which is localized at the 
3' end of BSMV J,mA and is separated 
from the .5' -originated part of the viral 
genome by a poly(A) tract. Both the ty
rosine-accepting structure and the poly(A) 
sequence are contained Within a,1.50- to 
200-nucleotide piece of BSMV RNA. 

MATERIALSAND METHODS 

Reauents. h-32p]ATP (1500-2000 Cil 
mmol), tritiated amino acid mixture 
(TRK 440), [~]alanlne (36 Ci/mrnol), 
[3HJarginine·HCI (11 Cilmmol), ~Jas
particacid (~73 mCi/mmol), ~]glycine 
(3.4 Ci/mtnol), [3J:IJglutainine (20 Cil 
mmol), [3H]methionine (2 Ci)Jnmol), [3H]_ 
phenylalanine (4.2 Cilmmol), ~]threonine 
(439 mCi/mmol), and [3H]tyrosine (82 Cil 
mmol) were from Amersham (England); 
pancreatic ribonuclease (RNase A), U20 

and Tl RNase (Calbiochem and Worthing
ton); oligo(dT)-cellulose (P-L Biochemieals 
and Sigma); N-suc~inylimidyl ester of 3-
(4-hydroxyphenyl)propionate (Pierce); un
labeled amino acids (Sigma). 

Nucleic acids. The following BSMV 
strains were used: a two-component strain, 
Russian; a three-component strain, Nor
wich; and a four-component strain, Ar
gentina Mild. 

BSMV was propagated on wheat plants 
and isolated as described previously 
(Agranovsky et al., 1978). Brome mosaic 
virus (BMV) and TMV preparations were 
obtained from Dr. V. K. Novikov. The 
RNAs were isolated by phenol extraction 
from purified viruses and from Esche
richia coli 50 S ribosomal subunits (Agra
novsky et al., 1978). 

The preparations of individual BSMV 
RNA components (Norwich and Russian 
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strains) were isolated by a previously de
seribed method (Dolja et al., 1977). 

Total tRNA from wheat embryos (Mi
ronovskaya-808) was prepared by phenol 
extraetion of S-I00 supernatant, obtained 
essentially by the method of Zagorsky 
(1978). Preparation of poly(At 10 S mRNA 
from mouse plasmoeytoma was kindly 
supplied by Dr. N. Sakharova. 

Concentration determinations. The eon
centrations of BSMV and RNAs were de
termined speetrophotometrieally. The ex
tinction coefficients used were E'~m. lern 
= 2.5 for BSMV, and 25.0 for all the nucleic 
acids. 

Preparation of synthetase Iraction and 
aminoacylation conditions. Wheat embryo 
synthetases were isolated from S-I00 su
pernatant, prepared as described previ
ously (Zagorsky, 1978). Twelve milliliters 
of S-100 were applied at +2° to a DEAE
cellulose column (1.5 X 30 cm) equilibrated 
with the A buffer (10 mMTris-acetate, pH 
7.6; 8 mM2-mercaptoethanol). The column 
was eluted first with the A buffer and then 
with 50 mMKCl in A buffer until the back
ground level of absorption at 260 nm was 
obtained. The eluate was monitored in an 
ISCO Model UA-5 absorbance monitor. 
Elution of synthetases was performed 
with 0.25 M KCI in A buffer. The peak 
fractions were collected, pooled, and di
alyzed against 100-200 vol of the A buffer 
for 3 hr to remove the excess KCl. All the 
above operations were carried out at +2°. 
The final protein concentration of the 
synthetase preparations was 3.5-4.0 mg/ 
ml, as determined spectrophotometrically 
(E'~rn = 1.6). The enzyme preparations 
were immediately frozen in liquid nitro
gen and stored in 0.5-ml aliquots at -60°. 
Only a slight decrease in activity was 
noted after 6 months of storage. 

The RNAs were aminoacylated essen
tially asdescribed by Kohl and Hall (1974), 
using a mixture consisting of 50 mM 
HEPES-KOH, pH 7.6; 1 mM ATP; 2 mM 
dithiothreitol; 40 mM KCl; 5 mM magne
sium acetate; 5-10 ",g RNA; SO-WO "g syn
thetase preparation, and 0.5-10.0 "Ci 3H_ 
amino acid(s). The total volume was 100 
,,1 and the incubation time was 30 min at 
30°. The sampies were spotted onto a filter 

paper for determination of radioactivity 
bound to RNA. When tyrosyl-BSMV RNA 
was to be recovered, the reaction was 
scaled up to as much as 200-400 ",1. The 
reaction was terminated by the addition 
of 15 ",1 of 2 M sodium acetate buffer, pH 
5.0, and 0.5% SDS. This was followed by 
one or: two cycles of phenol extraction (75 
vol of freshly redistilled phenol and 25 vol 
of 0.1 M sodium acetate, pH 5.0). Tyrosyl
BSMV RNA was recovered from the 
aqueous layer by precipitation with 2.5 vol 
ethanol containing 20-30 mM sodium ac
etate, pH 4.5 (-20°). After centrifugation, 
the RNA pellet was washed with 70% 
ethanol, dissolved in water, and reprecip
itated with ethanol-Na acetate. The final 
preparation was dissolved in 50 mM Na 
acetate, pH 5.0, and stored at -20°. 

The acetylated derivatives of tyrosyl
BSMV RNA were prepared by the method 
of Lapidot et al. (1967). 

Terminal oxidation 01 RNAs. Prepara
tions of BSMV RNA Norwich and tRNA 
from wheat germ were both used in a con
centration of 1 mg/mI. Ten microliters of 
fresh 5 mM sodium metaperiodate were 
added to 50 ",1 of the aqueous RNA solution 
and the mixture was incubated in the dark 
for 30 min at room temperature. The RNA 
recovered after periodate oxidation was 
precipitated with 2.5 vol of ethanol with 
Na acetate (-20°). 

Radioactivity measurements. Sampies 
(10-100 ",1) were applied onto filter paper 
squares (1 X 1 or 1.5 X 1.5 cm, Whatman 
3 MM) and then washed successively with 
cold 10% TCA, 5% TCA, ethanol, and 
ether. The acid-precipitable radioactivity 
was determined as described previously 
(Agranovsky et al., 1978). The radioactiv
ity of solutions was counted in a dioxane 
scintillation cocktail. 

Affinity chromatography on oligo(dT)
ceUulose. Affinity chromatography was 
performed as described previously (A viv 
and Leder, 1972). Tyrosylated and nonla
beled BSMV RNA or its fragments (see 
below) were dissolved in a high-salt buffer 
(0.5 M NaCl; 10 mM Tris-acetate, pH 5.0-
7.6) and applied to an oligo(dT)-cellulose 
column (1-4 ml) equilibrated with 4-5 vol 
of the same buffer at +10°. After standing 
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for 0.5-1 hr at 10°, the column was washed The pellet was collected by centrifugation, 
with the high-salt buffer until the back- dissolved in 100-150 ~l of distilled water, 
ground level of absorption at 260 nm or and applied to a sucrose gradient. The 
radioactivity was attained (elution of fragments were centrifuged and fraction
poly(A)- fraction). Elution of bound RNA ated as described above. The 0.4-ml frac
(poly(At fraction) was performed at 20° tions corresponding to fragments of dif
with distilled water. The poly(At and ferent size were separately mixed with 1 
poly(At fractions thus obtained were im- ml of ethanol-Na acetate (-20°). RNA was 
mediately precipitated' by adding 2;5 vol precipitated by' centrifugatioil, dissolved 
of ethanol-Na acetate (-20°), as described in water, and stored at -20°.' ' 
previously(Agranovsky et· al., 1978). In Agaro8e gel electrop~ (AGE). BSMV 
so me experiineilts,tyrosyl-BSMV RNA RNA' estei-ified with tyrosine was analyzed 
was incubated in 75% DMSO; 25 mMLiCI; on tube gels (0.6 X 9 cm)prepared as de-
50 mM Na acetate, pH 5.0, for 5 min at scribed byLehrach et al. (1977). The gels 
37°. Then the RNA solution was diluted conta,ined 2% agarose, and were poly-
10-fold with the high-salt buffer, applied merized in 0.025 Mcitric acid (pR 3.8) with 
to an oligo(dT)-cellulose column and chro- .6 M. urea. Sampies '(20-50#1) containing 
matographed as (lelilcril~ed ah9ve. , ' .' 10":20 ~g of nonl~beled totll.1.:BSMV Nor-
Sucros~ densjtY!fli'iulient"centrijugatiOn; ':', \flch' RNi\:.~ [SH]tyrQsyl-ßNJtp(the same 

Saml)les of rionl~l:niled RNAs and "RNA "viral strain' (1-2 ~ 10" cpm);().l g/mlof 
fragments were applied to 10~40% (w/v) sucrose, and 0.2 mg/mi of· bromophenol 
linear sucrose gradients buffe red, at pH 7.6 blue, were applied to the gel and electro
with TEN buffer(20 inM Tris-acetate; 10phoresis was performed atO.4mAper tube 
mM EDTA;O.lM NaCl) and centrifuged. for 18 hr at 4° .. Gels were ~tained for 20 
for 17-18 hrat38;OOO rpm at +2° in a minin 0.2% methylene blue, 0.411fNa ac
SW41 rotor on.a Beckman L5-50 ultracen- . et~te,pH 5.0, 0,," with 1 % ethJdium bro~ 
trifuge. . mide .. Two-millhneter gel sections ware 

To provide denaturing conditionsduring sliced and incubated overnight at 3~0 in 
centrifugation, 5-20% (w/v) sucrose gra- scintillation vials with 0.3 ml of 0.1 M 
dients were made in 75% DMSO; 25 mM NaCI; 2 mM EDTA; 20 mM Tris-acetate, 
LiCl; 2 mM EDTA, in 5-ml polyallomer pH 7.6, then diluted with dioxane scintil
tubes. The gradients were bufferedwith lation fluid and counted for radioactivity. 
10 mMTris-acetate, pH 7.6. SampIes were Synthesis of[5'.9f P]pCp and .S'-terminal 
subjected to centrifugation for 42 hr at labeling of BSMV RNA components. [5'-
45,000 rpm at 20° in an SW50 rotor. Frac- 32p]pCp was synth~sized from 3'-CMP in 
tions (0.25-0.5 ml) were collected by a Gil- the re action with polynuCleotide kinase 
son Minipulse fraction collector equipped from bacteriophage T4-infected E. coli 
with ISCO Model DA5 absorbance monitor cells and h-32p]ATP. Polynucleotide ki
and Densi-Flow HC (Buchler Instr.). Viral nase isolated by a previously described 
RNA or RNA fragments from the peak method (Richardson, 1970) was kindly do
fractions were precipitated by adding 2.5 nated by Dr. E. Sverdlov. The re action 
vol of ethanol-Na acetate (-20°). mixture (20 ~l) consisted of 20 mM Tris-

Isolation of the polyadenylated frag- HCl, pH 8.0; 10 mM MgC12; 10 mM dithio
ments from BSMV RNA. From 0.5 to 0.8 threitol; 100 pmol [-y-32p]ATP; 100 pmol 3'
mg of total BSMV RNA Norwich, or of its CMP, and 50 units/ml polynucleotide ki
individual components (RNA 2 or RNA 3) nase. After incubation for 1 hr at 37°, 
were heated at 100° for 10-20 min in 0.5- preparations of [5' _32p]pCp with specific 
1 ml of distilled water. Then each sampie activities of 1500-1700 Ci/mmol were ob
was cooled on ice, buffered to 0.5 M NaCl; tained and used without subsequent pu-
0.01 M Tris-acetate, pH 7.6, and applied rification. Terminallabeling of BSMV RNA 
onto an oligo(dT)-cellulose column. The and poly(A)+ 10 S mRNA from mouse plas
poly(At fraction, containing polyadenyl- mocytoma was performed essentially as 
ated RNA fragments of different sizes, described by England and Dhlenbeck 
was precipitated with ethanol-Na acetate. (1978). The reaction mixture (15 "I) con-
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tained 50 mM Tris-HCI, pH 7.5; 10 mM 
MgC12; 10 mM dithiothreitol; 10% DMSO; 
10 ~g/ml bovine serum albumin; 5-10 pmol 
RNA; 5-10 pmol [5'-32p]pCp; 100 pmol 
ATP, and 260 units/ml RNA ligase. The 
preparation of RNA ligase isolated essen
tially by the method of Weiss et 01. (1968) 
was obtained from Dr. S. Burd. After in
cubation for 15-17 hr at 5°, the mixture 
was supplemented with 20 mMEDTA and 
20 ~ tRNA carrier, followed by phenol 
extraction and ethanol precipitation of 
RNA. RNA was pelleted by centrifugation 
and dissolved in 3 mM EDTA; 80% form
amide; 0.02% xylene cyanol-bromphenol 
blue. Preparations of 32P-Iabeled RNAs 
were incubated for 1 min at 75° and then 
subjected to electrophoresis in 3% poly
acrylamide slab gels (20 X 20 X 1 cm) with 
0.6% agarose in Tris-acetate buffer, pH 
7.2. Electrophoresis was performed at 200 
V, 70-90 mA, for 4-5 hr until the xylene 
cyanol had migrated 10-11 cm. After vi
sualization by autoradiography, the zones 
corresponding to 32p-Iabeled RNA were 
sliced and eluted overnight with 1 mM 
EDTA; 200 ~g/ml tRNA at 37°. RNA was 
precipitated with ethanol, pelleted, and 
dissolved in 20 mM Tris-HCI, pH 7.5; 2 
mMEDTA. 

Specijic hydrolysis 0/ 3IP-labeled BSMV 
and mause plasmooytoma poly(Ar RNAs 
and analysis 0/ the 9' -terminal oligonucle
otides. This procedure was performed as 
described by Donis-Keller et 01. (1977). [3'-
32p]RN A was incubated for 1 hr at 50° with 
the following amounts of specific nu
cleases: 0.3 unit of Tl RNase or 0.16 ~ of 
RNase A or 1 unit of RNase U2 were added 
to 6 ~g of RNA. The 3'-terminal fragments 
obtained after digestion of RNA by the 
nucleases were analyzed by electrophore
sis in 25% polyacrylamide gels in Tris
borate buffer with subsequent autoradiog
raphy (Donis-Keller et al., 1977; Negruk 
et al., 1979). 

RESULTS 

Specijicity 0/ the A minoacylation 0/ BSMV 
RNA 

In the first series of experiments, the 
tritiated amino acid mixture (containing 
alanine, arginine, aspartic acid, glutamic 

acid, glycine, histidine, isoleucine, leu
eine, lysine, phenylalanine, proline, serine, 
threonine, tyrosine, and valine) was in
cubated in the wheat embryo aminoacyl
ation system with RNAs from various 
sourees. It was found that stimulation of 
sH-amino acid incorporation into a com
pltlx with total BSMV Norwich RNA (five
to six-fold over controls with ribosomal 
RNA or no RNA) is similar to that pro
duced by TMV or BMV RNAs upon their 
aminoacylation (data not shown). 

To determine the specificity of BSMV 
RNA aminoacylation, different individual 
amino acids were tested, e.g., the compo
nents of the amino acid mixture used 
above, and other amino acids (Table 1). All 
the amino acids used were active in the 
aminoacylation reaction with total tRNA 
(data not shown). From the results pre
sen ted in Table 1 it is obvious that BSMV 
RNA can specifically accept tyrosine. 

The next series of experiments was per
formed to illustrate the specificity of bind
ing of tyrosine to BSMV RNA (strains 
Norwich and Russian) and BMV RNA. To 
this end, an excess of nonlabeied tyrosine 
or of a mixture of other 14 nonlabeled 
amino acids except tyrosine were added to 
the compiete aminoacylation mixture con
taining 15 radioactive amino acids. It can 
be seen from Table 2 that unlabeled ty
rosine specifically chases the radioactive 
label, competing with [sn]tyrosine for 
BSMV RNA aminoacylation. None of the 
14 amino acids used was active in this re
spect. Only 3 of 20 common protein amino 
acids were not tested in our experiments, 
i.e., cysteine, asparagine, and tryptophan. 

The second set of the results (Table 3) 
shows that tyrosylation of BSMV RNA is 
very similar to tyrosyl-BMV RNA and 
amino acyl-tRNA formation in cell-free 
systems (Lapidot et al., 1967; Öberg and 
Philipson, 1972; Hall et al., 1972). First, the 
tyrosyl-BSMV RNA complex formation 
strongly depends on the presence of A TP, 
viral RNA, and synthetases in the incu
bation mixture, as well as on the time of 
the reaction. Second, the synthesized prod
uct, tyrosyl-BSMV RNA, was relatively 
stable at acidic pH values, but was rapidIy 
broken down at alkaline pH. Finally, the 
complex of acetyl-tyrosyl-BSMV RNA dis-
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TABLE 1 

SPECIFICITY OF AMINOACYLATION OF BSMV RNA NORWICH WITH TYROSINE" 

Without 
BSMV RNA, BMV RNA 

Amino acid Norwichb RNAb (contro!) 

Alanine 1,930 2,112 2067 
2,078 2,376 

Arginine '1,555 1,372 1450 
1,602 ·Ü30 

Aspartic acid 981 1,116 1083 
964 1,044 

Glutamine 706 593 761 
632 762 

. Glycine. 1,084 1,200 1136 
1,301 1,024 

Methiortine: 948 .. NT ~077 
918 NT 

Phenylalanine 577 629 366 
596 643 

Threonine 571·· 584 671 , .' , 

723' 497 

Tyrosine. 62,187 98,700 2274 
63,024 98,718 

"10 "Ci oi sH-amino acid was added to each sampie, Each figure represents TCA-insoluble radioactivity 
in cpm/l00 "I. 

biO "g oi RNA was used ior each test. The extent oi binding was 0.31 mol oi tyrosine/mol oi BSMV RNA 
or 0.25 mol oi tyrosine/mol oi BMV RNA. 

played improved stability upon incubation 
at pH 7.6 (Table 3). It can be seen that the 
extent of aminoacylation is variable (for 
example, cf. Tables 1 and 3). This is be
cause several synthetase prepar~tions were 
used in this study; the data in Table 1 were 
obtained with much more active enzymes 
than those in Table 3. 

Tyrosylation 0/ Individual Genomic RNAs 
0/ the Two-Component and the Three
Component BSMV Strains 

The total RNA preparations isolated 
from two-, three-, and four-component 
strains Russian, Norwich, and Argentina 
Mild could bind tyrosine in the aminoac
ylation system (see Tables 2 and 5). The 
data presented in Table 4 show that a1l 

individual RNA components of BSMV 
Norwich and Russian accept tyrosine. 

Binding 0/ Tyrosyl-BSMV RNA to Oligo
( dT)-CeUulose 

In accordance with our previous data 
(Agranovsky et al., 1978) it can be seen 
from Fig. 1 that native BSMV RNA Nor
wich can be separated into poly(A)- and 
poly(At fractions upon chromatography 
on oligo(dT)-cellulose. It seemed reason
able to consider only poly(A)-deficient but 
not 3'-polyadenylated moleeules of BSMV 
RNA as aminoacylation candidates. How
ever, it was found that the larger part of 
tyrosylated BSMV RNA can be bound to 
oligo(dT)-ce1lulose and then eluted (Fig. 
1). It is of importance that incubation of 
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TABLE 2 

SPECIFICITY OF COMPETITION OF UNLABELED 
TYROSINE FOR AMINOACYLATION OF BSMV RNA 

Complete 
mixture 

+ nonlabeled 
Complete amino acid 
mixture mixture 

RNA i80lated + nonlabeled without 
from tyrosine" tyrosineb 

BSMV Norwich< 1789 4283 
1759 4389 

BSMV Russian' 1763 4452 
1738 4653 

BMV' 1639 5435 
1590 5716 

Without RNA 
(control) 1489 1115 

Note. Each sample was supplemented with 10/lCi 
of the mixture of 15 8H-amino acids and (a) with an 
excess of nonlabeled tyrosine (20 nmol) or (b) of 14 
nonlabeled amino acids except tyr08ine (20 nmol of 
each amino acid in the mixture). Each ftgure repre
sents TCA-insoluble radioactivity in cpm/l00 /ll. (C) 
10 /lg of RNA were uaed for each test. 

tyrosyl-BSMV RNA under denaturing 
eonditions (75% DMSO; 25 mM LiCl, pH 
5.0) prior to ehromatography had no effeet 
on the binding ability of [3H]tyrosylated 
BSMV RNA to oligo(dT)-eellulose (Fig. 1). 

These observations were further strength
ened by the in vitro aminoaeylation of 
preparations of poly(A)- and poly(A)+ 
BSMV RNA (Table 5). It ean be eoneluded 
from the data presented in Table 5 that 
both poly(A)+ and poly(A)- fraetions of 
BSMV RNA Norwieh and Argentina Mild 
ean aeeept tyrosine. 

Inhibition 01 Aminoacylation 01 BSMV 
RNA by Terminal Oxidation 

It was mentioned above that a tRNA
like strueture ean be loealized either at the 
S'-end (several plant viruses) or internally 
(some pieornaviruses) in the virion RNA 
moleeule. It is known that speeifie chem
ical modification of terminal 2',S'-diol 
groups (oxidation with sodium metaper-

iodate) ean affeet only external tRNA-like 
structures in viral genomes (Shih et al., 
1974) and has no effeet on the internal 
aminoacylatable sequences (Lindley and 
Stebbing, 1977). It can be seen from Table 
6 that preparations of BSMV RNA Nor
wich and tRNA (taken as a control) treated 
with sodium metaperiodate have a mueh 
lower ability of aeeepting tyrosine. 

Aminoacylation 01 BSMV RNA after Gra
dient Centrifugation under Denatur
ing Conditions 

In separate experiments, BSMV RNA 
was subjeeted to sucrose density gradient 
centrifugation under denaturing condi
tions to obtain high-moleeular-weight vi
rion RNA free of associated tRNA(s) if the 
latter should be present in RNA prepa
rations. It was reported by Chumakov 
(1979) that even poly(G)·poly(C) hybrids 
melted eompletely at room temperature in 
the presence of 75% DMSO and 25 mM 
LiCl. In control experiments (data not 
shown) we demonstrated that ~-labeled 
polyuridylic acid can be liberated from the 
preformed eomplex with BSMV RNA dur
ing centrifugation under these eonditions 
(see Materials and Methods). The data in 
Table 5 show that BSMV RNA Norwich 
[the total preparation as weil as a poly(At 
fraction] retained its tyrosine-aceepting 
aetivity after being passed through the 
denaturing gradient indicating that this 
aetivity was not due to associated tRNA. 

Analysis 01 Tyrosyl-BSMV RNA by Aga
rose Gel Electrophoresis 

The above experiments appeared to ex
clude the presence of a tyrosine-aecepting 
tRNA noncovalently bound to the BSMV 
genome. To provide additional evidenee 
against the existence of associated low
molecular-weight acceptor, the aeetyl-ty
rosyl-BSMV RNA Norwich was subjeeted 
to agarose gel eleetrophoresis (AGE) at 
pH S.8 in the presenee of 6 M urea (Leh
raeh et al., 1977). These denaturing eon
ditions were most suitable for the analysis 
of aminoacylated RNA because of the sta
bility of the aminoacylester bound at low 
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TABLE 3 

REQUIREMENTS FOR THE AMINOACYLATION OF BSMV RNA AND STABILITY OF TYROSYL-BSMV RNA· 

Radioactivity (TCA-
Experimental conditions insoluble, cpm/100 "I) 

Complete mixture 3137, 3635 
Without ATP 227, 207 
Without enzyme 75, NT 
WithoutRNA 202, 190 

incubation at pH 9.<Y' '370., 412 

Incubation of tyrosyl-BSMV, RNA at pR 5.0- 1259, NT 
Incubation of tyrosyl-BSMV RNA at pR 7.6< 259, NT 
Incubation of acetyl-tyrosyl-BSMV RNA at pR 

5.0' 2927, NT 
'Incubation of acetyl-tyrosyl-BSMV RNA at pR 

7.6< 2307, NT 
" " . ." . 

" Sa~ples were suppl~me~ted ~ith' 2.5 "p'o~ [8R]tyrosine; 5 "i.of. ~t~I,~A frorn .BSMV Nqrwich was" ' .. 
~b~~ .' . ,..... ' 

b After 30 min incubation at 300 the reaction mixture was adjusted to pH 9.0 vVith KOR' and incubated 
forI5 min. 

• Preparations of tyrosyl andacetyl-tyrosyl-BSMV RNAswere incubatedat 30° for2hr in a 50 "I of 50 
mM liIa'acetate, pR 5.0, or 50 rn.M Tris";acetate, pH 7.6. The extent of deacylationwas determinedby the 
fil.ter paper disk assay (see Materials and Methods). 

pH (Hall et al., 1972; Lapidot et eiL, 1967). 
It can be seen from Fig. 2 that the bulk 
of the tyrosine label migrated together 
with RNA 3 of BSMV Norwich upon elec
trophoresis, the minor peaks correspond-

TABLE4 

AMINOACYLATION OF INDIVIDUAL GENOMIC RNA 
COMPONENTS OF BSMV STRAINS NORWICH AND Rus. 
SIAN 

RNA preparation 

BSMV RNA Norwich 
RNA 1 
RNA2 
RNA3 

BSMV RNA Russian 
RNA 1 
RNA2 
Without RNA (control) 

Radioactivity 
(TCA-in801uble, 

cpm/100 "I) 

3995" 
4234, 
4653, 

1145 
2746, 
122, 

4736 
6016 

2550 
126 

"0.5 "Ci of [~]tyrosine and 5 "i of RNA were 
added to each sampie. 

ing to the first two genorrric .component~ 
(RNAs 1 and 2) of this strain were also 
resolved~ The lower extent Qf tyrosylation 
of RNAs 1 and 2 as compared to RNA 3 
can be explained by their relatively lower 
molar content in total RNA' Norwich 
(Agranovsky et al., 1978). Itseems reason
able to suggest that the presence of ty
rosylated RNA fragments migrating faster 
than RNA. 3 Norwich (Fig.2) is due to 
partial degradation of RNA during incu
bation in the cell-free aminoacylation sys
tem. The same results were obtained upon 
electrophoresis of tyrosylated poly(A)+ 
BSMV RNA Norwich (data not shown). 
These data suggest that amino acid-ac
cepting activity was associated with the 
full-Iength RNA components of the BSMV 
genome. 

Attempt to Localize the tRNA-like Struc
ture in BSMV RNA Component8 

Preparations of the individual RNA 
components of BSMV Norwich (RNA 2 and 
RNA 3) constituting about 80% of the to-
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TABLE5 

TYROSYLATION OF POLY(A)+ AND POLY(A)- FRACTIONS OF BSMV RNA 

RNA preparation 

Radioactivity (TCA
insoluble, epm/100 

"I) 

BSMV RNA Argentina Mild (AM), total preparation 
BSMV RNA AM, poly(At fraction 

1,453", 
2,647, 

1,646 
2,311 
1,281 BSMV RNA AM, poly(A)- fraction 

Without RNA (contro)) 

BSMV Norwieh RNA, total preparation 
BSMV Norwleh RNA, poly(At fraction 
BSMV Norwieh RNA, poly(A)- fraction 

1,426, 
66, 93 

Poly(A)+ RNA Norwieh after eentrifugation in denaturing conditions' 
Total RNA Norwich after eentrifugation in denaturing conditions' 
Without RNA (control) 

13,348, 
6,219, 

10,130, 
3,867, 

10,185, 
303, 

13,06!f 
5,297 

10,067 
4,019 
9,556 

360 

• 0.5 "Ci of ['H]tyrosine and 5 l'Il of RNA were added to each sampIe. 
b 2.5 "Ci of [3JI]tyroaine and 10 l'Il of RNA were added to each sampIe. 
< RNAs were eentrifuged in suerose gradients prepared with 75% DMSO; 25 mM LiCI (see Materials and 

Methods). 

tal genome of this strain (Agranovsky et 
al., 1978) were incubated at 1000 to gen
erate random fragments. In these exper
iments, the poly(A)+ fraction of RNA 2 
and unfractionated RNA 3 were used. Af
ter fragmentation, the polyadenylated se
quences were recovered by oligo(dT)-cel
lulose chromatography and fractionated 

ELUTION ~ 

10 

10 20 
Froclion "umber 

FIG.I. Oligo(dT)-eellulose ehromatoeraphy of: na
tive nonlabeled BSMV RNA Norwich (solid line rep
resents elution profile registered at 260 nm), 
[3JI]tyrosyl-BSMV RNA (O,3JI epm), and [3JI]tyrosyl
BSMV RNA incubated in 75% DMSO; 25 mM LiCl; 
50 mM Na acetate, pH 5.0, for 5 min at 37° prior to 
applying on a column (X, 3JI epm). BSMV RNA Nor
wich was ineubated in 200-400 "I of complete ami
noacylation mixture in the presenee of [3JI]tyrosine 
and then extracted with phenol. Tyrosyl-RNA was 
reeovered by three or four eycles of ethanol preeip
itation (for details, see Materials and Methods). 

by sucrose density gradient centrifuga
tion. The poly(At fragments of RNA 2 
and 3 were positioned in sucrose gradients 
between two markers, tRNA and RNA 4 
of BMV, which were centrifuged in sister 
gradients (Fig. 3). Amino acid-accepting 
activity of different gradient fractions 
(Le., of the polyadenylated BSMV RNA 
fragments of different length) was tested. 
The data presented in Table 7 indicate that 
even the relatively short polyadenylated 
sequences from fractions 6-7 are able to 
accept tyrosine. The molecular weights of 

TABLE6 

INHIBITION OF TYROSYLATION OF BSMV RNA BY 
TERMINAL OXIDATION WITH SomUM METAPERIODATE 

RNA preparation 

BSMV Norwieh RNA, total 
preparation 

BSMV Norwleh RNA •• b 

tRNA from wheat embryos 
tRNA..b 

Without RNA (eontrol) 

Radioactivity 
(TCA-insoluble, 

epm/l00 "I)· 

3000, 
642, 

2168, 
620, 
66, 

2662 
616 

2021 
683 
93 

• 0.5 "Ci of ['H]tyrosine and 5 l'Il of RNA were 
added to each sampie. 

b RNA treated with &odium metaperiodate. 
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1 2 3 

~ cpm ! 1 1 
200 

10 20 
Fracllan number 

30 40 

FIG. 2. Electrophoresis of an acetylf'H]tyrosyl-BSMV RNA preparation in a 3% .agarose gel at 
pH 3.8 in the presence of 6 M urea. Preparation of native nonlabeled RNA Norwich (10 1'It) was 
mixed with 10-15 X lOS cpm of [BJI]tyrosylated and acetylated RNA. of the same strain and then 
applied o~ the gel. The zones corresponding to the positions of the BSMV RNA componentswere 
vis~alized by stainirig with either ethidium bromide or methylene blue. Gelswere sliced and counted 
as described under Materials and Methods. Arrows correspond to ßlar:ke.r B~MV RNA components-
RNA I, 2, and 3, respectively: . . ... 

these RNA fragments can be roughly es
timated at 4-6 X 104 (about 150-200 nu
cleotides) from the log molecular weight 
mobility plot based on the mobilities of 
tRNA (MW 2.5 X 104

), BMY RNA 4 (0.28 
X 106), BMV RNA 3 (0.8 X 106

), and BMV 
RNAs 1 and 2 (0.99-1.09 X 106

) in sucrose 
gradients (Lane and Kaesberg, 1971). It 
can also be seen from Table 7 that BSMV 
RNA fragments of the size of tRNA (frac
tions 4-5) were probably devoid of accept
ing activity. The similar distribution was 
obtained in analog6us experiments with 
the total RNA from BSMV Norwich (data 
not shown). 

Analysis 0/ the S'-Terminal Oligonucleo
tides Derived /rom s'-32P-Labeled 
BSMV RNA Components 

It has been reported previously (Negruk 
et al.,1979) that incubation of BSMV RNA 
with RNases Tl and A under conditions 
when heteropolymeric sequences were 
completely digested yields poly(A)- frag-

ments of 8-30 nucleotides in length. If 
these sequences were located directly at 
the 3' end of viral RNA molecules we could 
expect to reveal a set of fragments of het
erogeneous size upon electrophoretic anal
ysis of Tl fragments of 3' -32p~labeled BSMV 
RNA. Such size distributions were re
cently demoJ;1strated by thismethod for 
a number of 3'-polyadenylated m.RNAs 
from viruses and eukaryotes (Ahlquist 
and Kaesberg, 1979). With our experimen
tal procedure, we can show size hetero
geneity of 3'-terminal poly(A) in poly(A)+ 
10 S mRNA from mouse plasmocytoma 
cells taken as a control (Fig. 4a, b). How
ever, analysis of complete Tl digests of [3'-
32P]pCp-Iabeled BSMV Argentina Mild 
RNA 1 (Fig. 4c) and BSMV Norwich RNA 
3 (Fig. 4d) revealed no 3'-poly(A) se
quences. It can be seen from Fig. 4 that 
Tl digests of 3'-32p-labeled BSMV RNAs 
1 and 3 contained two types of terminal 
sequences (tri- and tetranucleotides in Tl 
digests). This result was further COD

firmed by the analysis of labeled products 
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FIG. 3. Density gradient centrifugation of polyad
enylated ("polar") fragments of BSMV Norwich RNA 
30btained by incubation of native RNA 3 at 100° for 
15 min followed by oligo(dT)-cellulose chromatog
raphy and isolation of the poly(At fraction. The 
preparation of poly(A)+ fragments was layered on a 
10-40% (w/v) sucrose gradient buffered at pU 5.0 
with 50 mM Na acetate and centrifuged under the 
conditions given under Materials and Methods. UV 
absorption at 260 nm of the fractions was measured 
(solid line). Arrows correspond to marker RNA po
sitions: 1, tRNA isolated from wheat embryos; 2, 
BMV RNA 4; 3, BMV RNA 3; 4, BMV RNA 1 and 2. 
Sedimentation from left to right. 

of RNAs 1 and 8 after hydrolyses with 
RNases A or Uz (data not shown). Thus, 
the individual genomic components of 
BSMV contain two types of 8' -terminal 
sequences both different from poly(A). 

DISCUSSION 

BSMV RNA can be specifica11y esterified 
with tyrosine in the presence of amino
acyl-tRNA synthetases from wheat em
bryos (see Tables 1 and 2). BSMV RNA 
appears to act in aminoacylation in vitro 
like BMV RNA and ce11ular tRNAs (see 
Table 3). Tyrosine-accepting activity has 
been found in a11 RNA components of two-

component BSMV strain Russian, three
component strain Norwich, and in the to
tal RNA from the Argentina Mild strain. 

Tyrosylation of BSMV RNA is hardly 
consistent with the suggestion that poly(A) 
sequence is IOcalized directly at the 8' ter
minus of viral RNA (Agranovsky et al., 
1978). Our results show that the tyrosine
accepting activity of BSMV RNA is not 
solely due to the poly(A)- fraction of RNA 
(see Fig. 1 and Table 5). On the other hand, 
this activity cannot be ascribed to an in
ternal tRNA-like structure or to nonco
valently associated tRNA Tyr, but is present 
in the "open" state at the 8' end of intact 
poly(A)+ or poly(A)- BSMV RNA (see Fig. 
2 and Table 6). It must be mentioned that 
both tRNA-like structure and the poly(A) 
sequence are combined in a fragment of 
RNA containing 150-200 nucleotides (Ta
ble 7). One can assurne that a poly(A) se
quence is intercalated between the coding 
5' region of BSMV RNA and a 8'-terminal 
tyrosine-accepting structure. This conclu
sion is in agreement with our results in
dicating the absence of poly(A) from the 
8' end of BSMV RNAs 1 and 3 and the 
presence of two types of 8' -terminal se
quences in each of these RNAs (Fig. 4c, d). 

It has been suggested previously (Agra
novsky et al., 1978), that the poly(A) se
quence is localized at the 8' end of BSMV 
RNA. This suggestion was based on the 
fact that RNase-resistant fragments of 
BSMV RNA contained about 100% aden
osine and about 50% of a terminal tritium 
label was retained in the RNase-resistant 
(Le., poly(A) as was suggested) fragments 
obtained after digestion of poly(A)+ BSMV 
RNA with RNases A and Tl (Agranovsky 
et al., 1978). It is of importance that the 
content of adenosine in the RNase-resis
tant fragments of BSMV RNA depended 
on the conditions of nuclease digestion, 
varying from 43% in mild conditions (i.e., 
in a high-salt buffer at 80-37°) to 91, and 
even to 99.9% in drastic conditions (i.e., 
when the incubation mixture was heated 
at 100° for a short time) (Negruk et al., 
1979). Therefore we have suggested that 
the RNase-resistant fragment obtained 
after mild hydrolysis contained, besides 
a poly(A) sequence, a certain piece of 
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TABLE7 

AMlNOACYLATION OF POLY(A)+ BSMV RNA FRAGMENTS OF DIFFERENT LENGTHS 

Effectiveness of aminoacylation" 
Sucrose 
density Approximate MW RNA 2 as a RNA 3 as a 
gradient values of the source of source of 
fraction fragments fragments fragments 

4-5 0.25 X 10' 106 160 
6-7 0.50 X 10' 902 sao 

8 0.56 X 10' 960 340 
9 0.79 X 10' 1130 486 

10 1.0 X 105 640 446 

Intact RNA. 2 and RNA 3 of BSMV Norwich 
1060 890 

" Each figure represents TCA-in801uble radioactivity in cpm/ll'g of RNA. 5 jlg oe RNA was used for each 
test. 

BSMV RNA forming a hairpin stru,cture 
which surVives digestion (Negruk et al., 
1979) .. The conditions of specific hydrolysis 
of [3'·ß2P]pCp-labeled BSMV RNAs used 
in this study should be referred 10 a,s dras
tic since the terminal labeling of pol~nu
cleötides was performed in the presence. 
of DMSO and incubation with nucleases 
was carried out at 50° in a low-salt buffer 
(see Materials and Methods). These con
ditions allowed us to digest the 3' -terminal 
tRNA-like structure of BSMV RNA and 
to liberate two short oligonucleotides la
beled with FPlpCp (see Fig. 4). 

On the whole, these studies suggestthat 
the preparations of individual BSMV RNAs 
are composed of molecules differing in 
their 3' -terminal sequences. First, this 
population contains poly(A)+ and poly(A)
molecules each possessing the 3'-terminal 
tyrosine-accepting structure; second, the 
3' end of BSMV RNA is represented by two 
different types of oligonucleotides (see 
Fig. 4). It is important th~t both poly(At 
and poly(At fractions of BSMV RNA 
were equally infective (Agranovsky et al., 
1978). This fact allows one to suggest that 
the poly(A) sequence in not essential for 
BSMV RNA replication and translation 
and that it is synthesized post-transcrip
tionally. Such an explanation could be ac
cepted if the poly(A) track is localized di
rectly at the 3' end of BSMV RNA. 
However, evidence is presented here show-

ing that the poly(A) sequence precedes a 
tRNA-like structure in poly(At BSMV 
RNA. Hence, one could, ask: are both the 
poly(A) sequeI)ce and ,the tRNA-like struc
ture synthesiz.ed post-transcriptionally?, 
The heterogeneity of the, 3',~terrtlinal se~·
q~ences in BSMV. RN A moleeules can' 
hardly be explained if only ,template cQPY~ 
ing operated in BSMV RNA synthesis. It 
is of importance in this respect 10 know 
whether the plus strands of the double
stranded BSMV RNA replicative form 
contain poly(A) and can accept tyrosine, 
and whether its minus strand contain 
polyuridylic acid tracts. Capped eukary
otic mRNAs have been recently shown to 
stimulate transcription of influenza virus 
RNA both in vivo and in vitro by the 
transfer of their cap structure plus the 
adjacent nucleotides to the virus tran
script (for ex am pie, see Robertson et al., 
1980). We cannot exclude that the tyro
sine-accepting structure of BSMV RNA 
represents a cellular tRNA Tyr ligated 10 
poly(At and poly(At viral RNAs. If the 
accepting sequence in BSMV RNA is virus 
coded, the different 3' -terminal sequences 
can also be synthesized by a splicing mech
anism, which would involve joining of one 
RNA segment to another by the action of 
an RN A ligase. 

Thus, different structural forms of viral 
RNA molecules can be delineated: (1) 
RNAs containing a 3'-terminal poly(A) 
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FIG. 4. Eleetrophoregram of the complete TI RNase 
digests of 3'-IZp-labeled RNAs in 25% polyacryl
amide gel run witb Tria-borate buffer, pH 8.3, con
taining 7 M urea. After the eompletion of eleetro
phoresis, tbe gel was treated and autoradiograpbed 
as described previously (Donis-Keller et al., 1977). 
(a, b) 10 S poly(A)-containing RNA from mouse plas
mocytoma. (e) BSMV RNA 1 (strain Argentina Mild). 
(d) BSMV RNA 3 (strain Norwieh). Arrows indieate 
the positions of bromphenol blue (lower) and xylene 
cyanol (upper) dyes. 

sequence (RNAs of CPMV, togaviruses, 
and potyviruses; for review, see Atabekov 
and Morozov, 1979); (2) RNAs containing 
a 3'-terminal tRNA-like structure (RNAs 
of TM V, TYMV, and BMV); (3) RNAs con
taining a 3' -terminal poly(A) sequence and 
internal tRNA-like structure (RNAs of 

mengo- and EMC viruses); and (4) RNAs 
containing the 3'-terminal tRNA-like 
structure preceded by an internal poly(A) 
sequence (BSMV RNA). 
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