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ABSTRACT: The R N A  of satellite tobacco necrosis virus 
(STNV) is an effective messenger R N A  when translated in 
an in vitro system from wheat germ. This R N A  codes for only 
STNV coat protein, as indicated (1) by coincidence of the 
tryptic fingerprints of the translation product and of S T N V  
coat protein, (2) by equivalent size of the translation product 
and STNV coat protein, and (3) by isolation of an initial 
peptide of the in vitro product containing the amino acid se- 
quence of the N terminus of STNV coat protein. STNV R N A  
does not contain a 5’-terminal m7G(5’)ppp(5’)Np - group 
and translation of STNV R N A  by the wheat germ system does 

w h a t  features of a messenger R N A  define certain A U G  
sequences as sites for initiation of protein synthesis or “initiator 
AUGs” remains a basic question in protein synthesis. Three 
proposed mechanisms attempt to answer this question. First, 
analysis of the nucleotide sequences about initiator AUGs of 
several procaryotic messenger RNAs  suggests that certain 
initiator AUGs occur at  the ends of loops created by the sec- 
ondary structure of the messenger RNAs  (Steitz, 1969; Hin- 
dley and Staples, 1969; Min Jou et al., 1972; Barrel1 et al., 
1975). Extension of these observations predicts that initiation 
of translation occurs only at  AUG sequences uniquely exposed 
by the secondary structure of the messenger RNA.  Second, 
these and related nucleotide sequence data reveal messenger 
RNAs to contain one or more unique nucleotide sequence 
immediately to the 5’side of the initiator AUGs (Robertson 
et al., 1973; Shine and Dalgarno, 1974). An initiator A U G  
region of a messenger R N A  containing a purine-rich nucleo- 
tide sequence on the 5’ side of an initiator AUG forms specific 
base pairs with nucleotides at  the 3’ ends of 1 6 s  ribosomal 
RNA (Steitz and Jakes, 1975). Thus, it is assumed that in- 
teractions between the 16s  or 18s  ribosomal R N A  and specific 
messenger R N A  nucleotides 5‘ adjacent to AUGs define ini- 
tiator AUGs. Thirdly, the 5’ ends of a variety of eucaryotic 
messenger RNAs contain a m7G(5’)ppp(5’)Np “capping” 
group, which is essential for the translation of these messenger 
RNAs (Both et at., 1975a; Muthukrishnan et a]., 1975). Such 
capping groups are required for formation of translation ini- 
tiation complexes with ribosomes (Both et al., 1975b). Com- 
petitive analogues of the m7G(5’)ppp(5’)Np- a a structure in- 
hibit the formation of translation initiation complexes by 
messenger RNAs containing the 5’-terminal capping group 
(Hickey et al., 1976). Thus, it is assumed that this capping 
group functions in the initiation of translation of certain eu- 
caryotic messenger RNAs. 

It is likely that all of these theories define, in part, phe- 
nomena associated with the selection of initiator AUGs of 
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not involve prior formation of 5’-terminal m7G(5’)ppp(5’) 
N p  * groups on STNV RNA. STNV R N A  and 1251-labeled 
STNV R N A  form a specific initiation complex when incu- 
bated with initiator tRNA, GTP, initiation factors, and wheat 
germ ribosomes. Treatment of this specific initiation complex 
with ribonuclease A allows isolation of an 1251-labeled 
oligonucleotide protected from ribonuclease A by the initiation 
complex. This specific oligonucleotide contains approximately 
38 nucleotides, including nucleotide sequences that coincide 
with the codons of the N-terminal amino acids of S T N V  coat 
protein. 

messenger RNAs. For example, the recent characterization 
of a nucleotide sequence about an initiator A U G  of a brome 
mosaic virus R N A  (BMV’) reveals the initiator AUG to be 
(1 )  in a region of the R N A  apparently lacking extensive sec- 
ondary structure, (2) within a region of the messenger R N A  
having affinity for 18s ribosomal RNA, and (3) close to a 5’ 
terminal m7G(5’)ppp(5’)Np 0 group (Dasgupta et al., 1975). 
Further understanding of the role of each of these proposed 
mechanisms requires more data concerning the sites of initi- 
ation of translation of various messenger RNAs. 

Satellite tobacco necrosis virus R N A  provides an ideal 
system for study of features that define initiator AUGs within 
messenger RNAs. STNV R N A  is a monocistroniccmessenger 
R N A  coding for only S T N V  coat protein in in vitro systems 
obtained from procaryotes and eucaryotes (Klein et al., 1972; 
Lundquist et ai., 1972; Klein and Clark, 1973). Thus, S T N V  
RNA must contain the basic features used by both procaryotes 
and eucaryotes to govern the initiation of translation of mes- 
senger RNA.  The in vitro system from wheat embryo of 
Marcus et al. (1968), previously used to demonstrate correct 
translation of STNV R N A  by eucaryotes, is inefficient in that 
it requires large quantities of cell-free extract to measure 
protein synthesis. The in vitro system from wheat germ of 
Roberts and Paterson (1 973) would appear to offer a more 
efficient in vitro system for study of the translation of STNV 
R N A  by eucaryotes. 

This paper reports the characteristics of the translation of 
STNV R N A  by the in vitro system from wheat germ and 
evaluates the initiation of STNV R N A  translation in terms 
of the above theories of initiator AUG selection. This paper 
further reports the isolation of a unique 38 nucleotide-long 

I Abbreviations used are: BMV. brome mosaic virus: STNV. satellite 
tobacco necrosis virus; TNV, tobacco necrosis virus: TMV. tobacco mosaic 
virus; m7G(5’)ppp(5’)Np.. . , 7-methylguanosine linked by its 5’ position 
through three phosphate anhydrides to the 5’ position of a nucleoside 
3’-phosphate or 2’-O-methylnucleoside 3’-phosphate; tRhA‘“,, methi- 
onine-specific initiator tRNA;  Met-tRNAMc‘,. tRNAMc’, aminoacylated 
with methionine: DBAE-cellulose, dihydroxyboryl-substituted ami- 
noethylcellulose; DEAE, diethylaminoethyl; ATP, GTP. adenosine and 
guanosine 5’-triphosphates. 
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fragment of STNV RNA containing the initiator AUG region 
of STNV RNA.  Characterization of the nucleotide sequence 
within this RNA fragment should help to further define fea- 
tures of a messenger R N A  that define specific AUGs as ini- 
tiator codons. 

Experimental Procedures 
Materials. Cell-free S-30 extracts were prepared from 

wheat germ (General Mills Corp.) by the method of Roberts 
and Paterson (1973) and stored at  -80 "C (without incuba- 
tion) for later assay. Ribosomes were sedimented ( 1  h, 1 "C, 
160 OOOg) from 1 volume of S-30 extracts and washed one time 
by resuspension in, and sedimentation from ( 1  h, 1 "C, 
160 OOOg), 1 volume of.O.1 M KCI, 3 m M  Mg(OAc)z, 2 m M  
dithiothreitol, 20 m M  Hepes-K salt, pH 7.2 ( K M H  buffer), 
prior to resuspension in K M H  buffer (400,4260 units/ml) and 
storage at  -80 "C. DEAE S-160 was prepared by passage of 
the initial 160 OOOg supernatant (above) through a column of 
DEAE-cellulose equilibrated with KMH buffer. Fractions 
containing three-fourths of the eluted A280 absorbing materials 
were pooled and stored a t  -80 "C. Initiator t R N A  
(tRNAI''") was prepared from wheat germ by the method of 
Leis and Keller (1 970). 

STNV RNA was prepared from STKV isolated from ger- 
minating mung beans infected with the B strain of T N V  and 
the SVI strain of STNV (Clark and Klein, 1974). STNV 
[32P]RNA was prepared by incubation of 500 g of germination 
mung beans. previously infected for 2 days with TNV and 
STNV, with 30 mCi of, p H  7, carrier free 32P, followed by 
isolation of STNV ["PIRNA (Clark and Klein, 1974). STNV 
[1251]RNA wtas prepared in vitro by the method of Commer- 
ford (1971) except that the resultant STNV ['251]RNA was 
purified by alcohol precipitation and two subsequent resus- 
pensions in,  and sedimentations from (10 min, 1 "C, 10 OOOg), 
3 M NaOAc, pN 6. The resultant washed STNV ["jI]RNA 
containing less than 1 %  of the cytidine residues derivitized as 
[5-1251]iodocytidine (sp act. 5 X 10" y cpm/pg) was finally 
sedimented (10 min, 1 "C, 10 OOOg) and dissolved in HzO to 
a concentration of 2 mg/ml. Hemoglobin mRNA of rabbit 
reticulocytes was the generous gift of Dr. Byron Kemper. 

[ met h y 1 - H ] M ethion i ne. [ 8 - H ] G T P , [ CY - 'PI G T P , a 
mixture of 15 t.-[U-"TC]amino acids, and carrier free Na"i1 
were obtained from Amersham/Searle. tRNAPh' was purified 
from yeast tRNA (Gillam and Tener. 197 I ) .  Sparsomyein was 
obtained from the Upjohn Co. Poly(ethyleneimine)cellulose 
films for thin-layer chromatography were obtained from 
Brinkmann Instruments, Inc. Various m7G(5')ppp(5')Np 
standards were obtained from P-L Biochemicals, Inc. Aurin- 
tricarboxylic acid was purchased from Kodak. Purified en- 
zymes were obtained from Worthington Biochemical Corp. 
Other reagents were supplied by Sigma Chemical Co., or as 
specified. 

Assaj~.r. I n  vitro protein synthesis was assayed a t  25 "C  for 
indicated times in 50-pl reactions containing K M H  buffer. 30 
pM 1.-asparagine, L-cysteine, L-glutamine, L-methionine, and 
[.-tryptophan. 0.5 pCi of a mixture of 15 ~. - [U- '~C]amino acids 
( 5 5  Ci/atoin), 1 mM ATP, 20 pM GTP, 8 m M  creatine 
phosphate, 2 p g  of creatine kinase, 20 p1 of wheat germ S-30 
extract, and 1 - 10 p g  of mRNA.  [lJC]Amino acid incorpora- 
tion into protein was assayed by- means of scintillation counting 
of acid-precipitable material collected on Millipore-type 
HA WP filters after treatment with hot 5% trichloroacetic acid 
(Conway and Lipmann, 1964). [I4C]Protein synthesized by 
the wheat germ system in 60 min, tenfold (Le., 500 pi), reac- 
tions was mixed with 4 mg of STNV coat protein and then 

subjected to tryptic fingerprint analysis as previously described 
(Clark et al., 1965). The resultant fingerprints represent in- 
complete, but reproducible, tryptic digestion, yielding more 
tryptic peptides than expected from the known arginine and 
lysine content of STNV coat protein (Rees et al., 1970; 
Reichmann, 1964). Gel electrophoresis analyses crnployed 
[ 'JC]protein samples previously treated with 5% trichloroacetic 
acid for 10 min at  90 "C and then washed four times by sus- 
pension in, and sedimentation from (5 niin, 2000g), 5% tri- 
chloroacetic acid before neutralization and analysis (Weber 
and Osborn, 1969). 

Initiation complexes containing Met-tRN24h1C',, STNV 
RNA,  and ribosomes were formed in 5O-pl reactions con- 
taining K M H  buffer, 30 pM L-methionine, 2 pM sparsomycin, 
1 mM ATP, 20 WM GTP, 8 mM creatine phosphate. 2 pg of 
creatine kinase, 15 pl of DEAE S- 160.5 pl of ribosomes (400 
A260 units/ml), 10 p g  of and 4 pg of STNV RE/ \ .  
.As i nd ica t ed , t hese incubations fea t 1.1 red [met h y I - FI ] met h i - 
onine (5.3 Ci/mrnol), [8-"]GTP ( 5 . 6  Ci/mmol) .  or STUV 
["'IIRNA ( 5  X I O h  y cpm/pg) a t  the above concentrations. 
After 25 min a t  25 "C, reactions were layered onto cold 11.6 
ml, 15-30%, linear sucrose gradients containing 0.1 M KCI, 
5 m M  Mg(O.Ac)?. 10 m M  Tris--OAc, pH 7.5 ( K M T  buffer), 
and centrifuged (4 h. 1 "C. 35 000 rpm, ;.e.. 148 OOOg) in a 
Beckman SW-41 rotor. Fractions (0.5 ml) collected by 
draining punctured tubes were assayed for absorbance and 
radioactivity with a spectrophotometer and a scintillation 
counter, respectively. 

Limited synthesis of protein with resultant synthesis of the 
initial peptides translated from STNV R h A  employed initi- 
ation complexes prepared i n  250-pl reactions as described 
above, except that sparsomycin was omitted, 0.1 mM i.-alanine 
and 0.1 mM [--lysine were added, and the concentrations of 
1.-methionine, STNV RKA. and tRNA""', were altered to 13 
p,M [methyL3H]methionine (7.5 Ci/mmol). 10 p g  of STYV 
RNA/5O pl of reaction. and 75 p g  of tRNAVc' , /50 pl of re- 
action, respectively. After 25 min at  25 OC. ribosomes and 
associated materials were resolved and analyzed on sucrose 
gradients as above. Ribosome-bound materials in  the pooled 
gradient fractions were further analyzed for L3H] Met-con- 
taining compounds by the triethyla mine-dependent h!.drolysis 
and paper electrophoresis assay of Klein and Clark ( 1  973). 

Isolations of a ribosome-protected fragment of' STNV 
["'I]RKA were patterned after those of Steit7 (1969). Initi- 
ation complexes migrating in the 80s ribosome region of 5-10 
of the above sucrose gradient assays of initiation complexes 
were pooled, sedimented (90 min. I "C. 160 000g). and re- 
suspended in 1 ml of KMT buffer. This preparation was treated 
with 0.2 pg of ribonuclease A for 1 2  min at  25 "C prior to 
isolation of the ribonuclease-treated initiation complexes by 
pelleting (90 min, 1 "C. 160 0006.) through 7 nil of 15% sucrose 
in KMT buffer. [ 1251]RNA, protected from ribonuclease ac- 
tion by the ribosomes of initiation complexes. i.c.. "initiator 
region ["~I]oligonucleotide", was isolatcd from the pelleted 
ribosomes by extraction with sodium dodecyl sulfate-phe- 
nol-chloroform (Palmiter, 1974). This initiator region 
[ l"I]oligonucleotide was analyzed by gel electrophoresis on 
20?6 polyacrylamide gels (DeWachter and Fiers. 197 1 )  in the 
presence of 7 M urea using the two half molecules derived from 
tRNAPhc (Theibe and Zachau, 1971) as standards. The in i -  
tiator region [ I  '51]oligonucleotide was also analyzed bq 
high-pressure (250 psi) liquid chromatograph> o n  a 2 X 500 
mm column of RPC-5 (Miles Labs) in  the presence of a 40-in1 
linear gradient of 0.25-2.0 M h a C I  in 10 inM Tris-OAc, pH 
7.5. I O  m M  Mg(OAc).. 1251-containing I-mm thick gel slices 
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FIGURE 1: Charactcristicsoftranslation ofSTNV RNA in wheal germ 
extracts. Assays of incorporation of I5 [lJC]amino acids in two different 
wheat germ extracts, designated by 0 and e, were performed with 10 rg 
of STNV RNA, 3 mM Mg+. and 100 mM K+ for 60 min, unless varied 
as indicated. 

and I-ml eluate fractions from the RPC-5 column were ana- 
lyzed for lZsl by scintillation counting of y radiation detectable 
in NaI sample vials (Bicron Co., Newbury, Ohio). The initiator 
region ['251]oligonucleotide and STNV [ IZ5I]RNA were both 
characterized by exhaustive digestion with ribonuclease A (30 
min, 37 "C, I pg of ribonuclease AI20  pg of RNA)  and sub- 
sequent two-dimensional fingerprint analysis (Sanger et al., 
1965) and radioautography of the IZ5I-labeled compounds. 

Two milligrams of STNV [32P]RNA was hydrolyzed with 
alkali, neutralized with HCI04, and the resultant '?'-labeled 
products were then separated by electrophoresis on DEAE 
paper by the method of Horst et al. (1971). Slower moving, 
nonnucleotide components, identified by radioautography, 
were eluted with 2 M triethylamine-HCO3-, pH 9.0, and re- 
treated with alkali and again resolved on DEAE paper in order 
to confirm their nonmononucleotide character. Materials 
characterized as spots I and 2 by Horst et al. (1971) were 
eluted with 2 M triethyIamine-HCO,-, pH 9.0, divided into 
two portions, and dried. One portion was dissolved in I O  pI of 
H 2 0  and incubated (37 "C, I O  min) with 0.5 unit of bacterial 
alkatine phosphatase and reanalyzed by electrophoresis on 
DEAEpaper  bythemethodofHorsteta1.  (1971).Theother 
portion was dissolved in 1 ml of 0.2 M NaCI, 0.01 M MgC12, 
0.05 M 4-methylmorpholine buffer, pH 7.7, and 20% ethanol 
( N M M  buffer), and loaded onto a 0.7 X 15 cm column of 
acetylated DBAE-cellulose (Collaborative Research Inc., 
Waltham, Mass.) equilibrated in N M M  buffer. The column 
was washed with five column volumes of N M M  buffer and 
then eluted by 0.2 M NaCI, 0.05 M sodium acetate, pH 5.0, 
a reagent known to elute cis-glycols from acetylated DBAE- 
cellulose (McCutchan et al., 1975). 32P-labeled materials on 
DEAE paper or in eluted fractions of these phosphatase and 
acetylated DBAE-cellulose assays were detected by Cerenkov 
counting in a scintillation counter. 

When specified, S T N V  R N A  was treated with IO4- and 
aniline according to the method of Steinschneider and 
Fraenkel-Conrat (1966), as modified by Mayer et al. 
(1975). 

Results 
S T N V  RNA-Dependent Amino Acid Incorporation by the 

Wheat Germ System. STNV R N A  greatly enhances the in- 

corporation of a mixture of I5  [I4C]amino acids into protein 
exhibited by in vitro S-30 extracts of wheat germ prepared and 
assayed by the method of Roberts and Paterson (1973). The 
extent of this amino acid incorporation varies somewhat among 
individual S-30 extracts but demonstrates maximum incor- 
poration with approximately I O  @g of added STNV RNA, 3 
mM Mg+, and 100 mM K +  (Figure la-c). These ion optima 
differ slightly from the Mg+ and K+ concentration optima 
reported for the translation of other messenger RNAs by this 
system (Roberts and Paterson, 1973; Davies and Kaesberg, 
1974). Thus, this wheat germ system demonstrates slightly 
different properties for different messenger RNAs. STNV 
RNA-dependent amino acid incorporation proceeds. after an 
initial lag, in a linear manner for at  least 1 h (Figure Id). Such 
STNV RNA-dependent amino acid incorporation is totally 
inhibited by 2 fiM sparsomycin and 70% inhibited by 50 p M  
aurintricarboxylic acid. 

Characterizaiion of the STNV RNA-Dependent Product. 
Three lines of evidence dictate that amino acid incorporation 
at  the ion optima of Figure 1 represents correct translation of 
STNV RNA with resultant production of only STNV coat 
protein. First, tryptic fingerprint analysis of the STNV 
RNA-dependent product obtained in the presence of 15 
[14CJamino acids (Figure 2) yields a pattern coincident with 
tryptic fingerprints of STNV coat protein and of products of 
STNV RNA translation in in vitro systems from Escherichia 
coli and wheat embryo (Klein et al.. 1972). Our analysis does 
not detect significant quantities of labeled tryptic peptides that 
are not coincident with tryptic peptides of STNV coat protein. 
Thus, within the limits of fingerprint analysis, this amino acid 
incorporation only yields material with the amino acid se- 
quence of STNV coat protein. 

Second, sodium dodecyl sulfate gel electrophoretic analysis 
of the amino acid incorporation product reveals a single 
product with a molecular weight of 22 000. The size of this 
product coincides well with the 22 000 known molecular weight 
of STNV coat protein (Rees et al., 1970). 

Third, initiation of the STNV RNA-dependent amino acid 
incorporation under conditions of limited protein synthesis 
yields initial (N  terminal) peptides with amino acid sequences 
corresponding to the N terminus of STNV coat protein. Spe- 
cifically, incubation of STNV RNA, ribosomes, DEAE s - I60  
GTP. ATP. Ala, Lys, [ZH]Met. and partially purified 
tRNAMC'! yields the formation of STNV RNA and DEAE 
S-160 dependent ribosome complexes containing [ jH]Met  
(Figure 3a). Similar experiments in an  in vitro wheat embryo 
system reveal the partially purified tRNAM"[ to contain 
tRNA"'" and tRNALysand, therefore, facilitate the synthesis 
of initial aminoacyl-tRNA and peptidyl-tRNA products of 
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FIGURE 3: Analysis of initial peptides produced during translation of 
S T N V  RNA.  (a) Sucrose density gradient resolution of [ )H]Met-  
RNAMe‘, in initiation complexes with completesystem (0) and systems 
lacking either S T N V  R N A  or DEAE S-160 ( 0 ) .  Dashed line indicates 
Azha. (b) Paper electrophoretic analysis of amino acid and peptides re- 
leased from t R N A  forms in the ribosome complexes of Figure 3a. 

STNV R N A  translation. Mild alkaline hydrolysis of these 
products yields the expected Met, Met-Ala, and Met-Ala-Lys 
(Klein and Clark, 1973). Analysis of the [3H]Met-containing 
forms present in the STNV RNA-dependent ribosome com- 
plexes of Figure 3a also yields only these products expected 
from initial partial translation of STNV R N A  (Figure 3b). 
Thus, the in vitro system of wheat germ both initiates the 
translation of S T N V  R N A  correctly and then carries out 
complete translation of the STNV R N A  cistron to form STNV 
coat protein. 

No 5‘-Terminal m7C(5’)ppp(5’)Np. - -Group Present on 
in Vivo S T N V  R N A .  A number of messenger RNAs from 
eucaryotes, namely certain animal (Furuichi et al., 1975b; 
Desrosiers et al., 1975), animal viral (Furuichi et a]., 1975a; 
Abraham et al., 1975; Lavi and Shatkin, 1975; Furuichi et al., 
1975c; Martin and Moss, 1975) and plant viral (Zimmern, 
1975) messenger RNAs, contain 5’-terminal m7G( 5’)- 
ppp(5’)Np - - “capping” groups. Experiments designed to test 
the role of such groups in the translation of messenger RNAs 
show these 5’-terminal capping groups to be essential for ef- 
ficient translation of the messenger R N A  (Both et al., 1975a,b; 
Muthukrishnan et al., 1975; Hickey et al., 1976). It follows 
that many or most messenger RNAs of eucaryotic protein 
synthesis may contain a 5’-terminal m7G(5’)ppp(5’)Np. - 
group that functions in the translation of messenger RNAs. 
S T N V  is a virus of eucaryotic cells. It is therefore necessary 
to determine whether a 5’-terminal m7G(5’)ppp(5’)Np. 
group is present on in vivo S T N V  RNA.  

Four lines of evidence establish that in vivo STNV R N A  
does not contain a m7G(5’)ppp(5’)Np- group. First, a pre- 
viously reported stoichiometric analysis of the 5’ end of STNV 
RNA recovers 85% of the 5’ termini of STNV R N A  molecules 
as [32P]pAp residues as a result of limited hydrolysis with al- 
kaline phosphatase followed by 5’ phosphorylation of the re- 
sultant STNV R N A  with polynucleotide 5’-kinase in the 
presence of [y-”P]ATP (Wimmer et al., 1968). This phos- 
phorylation of STNV R N A  requires an initial treatment with 
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Table I :  Effect of IO,-Oxidation and fl Elimination upon 
Messenger RNA Potential of RNAs. 

Counts min-’ Assav-‘ 

icg of No Io4-> 
Messenger RNA RNA treatment p Elimination 

~ ~~ 

STNV RNA 1 11  400 14  800 
STNV RNA 2 17 500 17 200 
STNV RNA 10 49 600 50 000 
Hemoglobin mRNA 1 83 300 1 2  300 
Hemoglobin mRNA 2 68 000 19 200 
None 10 600 

alkaline phosphatase; thus, a majority of in vivo STNV R N A  
molecules contain a 5’-phosphate or polyphosphate anhydride 
on 5’-terminal adenosine. 

Second, alkaline hydrolysis-mediated characterization of 
the 5’ end of uniformly labeled S T N V  [32P]RNA detects 
[’2P]pppAp. - and [32P]ppAp- as the 5’ termini of STNV 
R N A  (Horst et al., 1971). These data plus the stoichiometric 
recovery of approximately one [32P]pppAp + a  or [32P]ppAp - 
group per one STNV [32P]RNA allowed Horst et al. (1971) 
to characterize the 5’ end of S T N V  R N A  as pppAp - - and 

Third, we have repeated the above analysis of STNV 
[j2P]RNA and obtained the results of Horst et al. (1971). We 
have further confirmed the pppAp and ppAp character of the 
presumed [32P]pppAp and [32P]ppAp generated from STNV 
[32P]RNA by alkaline hydrolysis. Specifically, the presumed 
[”PIpppAp and [32P]ppAp both release all of their label as 
’*P upon treatment with alkaline*phosphatase. Alkaline hy- 
drolysis of S T N V  [32P]RNA also does not release any 12P 
material that adheres to the cis-glycol specific reagent, acet- 
ylated DBAE-cellulose (McCutchan et al., 1975) known to 
take up m7G(5’)ppp(5’)Np groups released from 5’ capped 
mRNAs by alkali (Furuichi et al., 1 9 7 5 ~ ) .  Thus, we further 
prove that S T N V  R N A  contains a 5’-terminal pppAp. - - or 
p p A p .  - group and that S T N V  R N A  does not contain a 5‘- 
terminal m7G(5’)ppp(5’)Np. group. 

Fourth, chemical treatments that destroy capping groups, 
and thereby destroy the coding functions of messenger RNAs, 
do not effect the coding potential of STNV RNA. Specifically, 
periodate oxidation and subsequent treatment with aniline 
facilitate a @-elimination reaction that removes terminal, 
cis-glycols containing nucleosides from RNAs  (Whitfeld, 
1954; Brown et aI., 1955). This treatment decomposes 
m7G(5’)ppp(5’)Np - - groups of mRNAs (Abraham et al., 
1975) and destroys the message potential of mRNAs  that re- 
quire 5’-terminal m7G(5’)ppp(5’)Np - . groups for their 
translation (Muthukrishnan et al., 1975). As seen in Table I ,  
such periodate oxidation and aniline treatment of STNV RNA 
do not alter the mRNA potential for STNV RNA in the wheat 
germ system.’ One can see that the @-elimination reaction 
conditions of this assay are adequate for the same treatments 
and greatly reduce the functional character of optimum levels 
of hemoglobin mRNA, a m R N A  known to contain a 5’-ter- 
minal m7G(5’)ppp(5’)Np-. group (Muthukrishnan et al., 
1975). 

*Yo in Vitro Introduction of a 5’-Terminal m’G(5’)ppp- 

ppAp- * . 

Kemper (1976) recentlq and independently reported a similar ob- 
servation that lo4- and aniline-facilitated $-elimination procedure d o  
not decrease the inRYA potential of STNV R N A  i n  the wheat germ 
system. 
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( 5 ’ ) N p . - .  Group by the Wheat Germ System Prior to 
Translation of STNVRNA. The above data establish that the 
STNV R N A  introduced into the wheat germ systems does not 
contain a 5’-terminal m7G(5’)ppp(5’)Np. * group. However, 
the wheat germ system can introduce a 5’-terminal m7G- 
(S’)ppp(S’)Np.~ - group onto known mRNAs (Both et al., 
1975b). Thus, although the original STNV R N A  lacks a 5’ 
capping group, such a 5’-terminal group could be introduced 
by the wheat germ system as an obligate prerequisite to 
translation of STNV R N A  into S T N V  coat protein by the 
system. 

Three approaches can be used to demonstrate that the wheat 
germ system does not introduce a 5’-terminal m7G(5’)- 
ppp(5’)Np - group onto STNV RNA. Both et al. (1975a, b) 
report that high concentrations of S-adenosyl-L-homocysteine 
in wheat germ extracts inhibit the S-adenosyl-L-methionine 
dependent methylation steps involved in the synthesis of 5’- 
terminal m7(5’)ppp(5’)Np- - groups on mRNAs. This inhi- 
bition precludes the translation of mRNAs that lack a 5’-ter- 
minal capping group and require such a 5’-terminal capping 
group for their translation. As shown above, STNV R N A  lacks 
a 5’-terminal m7G(5’)ppp(5’)Np. - group. If such a 5’-ter- 
minal group is required for translation of STNV R N A  by the 
wheat germ system, then high concentrations of S-adenosyl- 
L-homocysteine should inhibif the translation of STNV R N A  
by the wheat germ system. We observe that neither high con- 
centrations of S-adenosyl-L-homocysteine, nor high concen- 
trations of the methl donor, S-adenosyl-L-methionine, influ- 
ence the translation of STNV R N A  by the wheat germ sys- 
tem.3 

The above experiment with S-adenosyl-L-homocysteine 
provides indirect proof that the wheat germ system does not 
employ a 5’-terminal m7G(5’)ppp(5’)Np. a group on STNV 
R N A  during the translation of STNV RNA.  However, char- 
acterization of the 5’ terminus of STNV RNA during and after 
its translation by the wheat germ system provides a more direct 
proof of use of such a 5’-terminal capping group during the 
translation of S T N V  R N A  in the wheat germ system. All 
available evidence suggests that m7G(5’)ppp(5’)Np. - - groups 
on mRNAs enhance the ability of such capped mRNAs to 
form “initiation complexes” containing Met-tRNAMC1, and 
ribosomes complexed a t  an initiator AUG site on the capped 
m R N A  (Both et al., 1975b; Hickey et al., 1976). If STNV 
R N A  is capped by the wheat germ system as an obligate step 
prior to its translation, initiation complexes on STNV R N A  
should contain one m7G(5’)ppp (5’ )Np-- .  group for each 
Met-tRNAMel, found in the complexes. A resolved wheat germ 
system can form specific initiation complexes in the presence 
of sparsomycin (so as to inhibit limited protein synthesis, such 
as seen in Figure 3) and [3H]methionine or [8-3H]- 
GTP.  [3H]Methionine found in these initiation complexes 
will be [3H]Met-tRNAMeti. The 3H label from [8-3H]GTP 
found in these complexes will represent synthesis of m7- 
G(S’)ppp(S’)Np. .groups on STNV RNA (Martin and Moss, 
1975). As seen in Figure 4, such initiation complexes contain 
the expected [3H]Met-tRNAMet, when incubated with 
[3H]methionine, yet such complexes do not contain significant 
3H label when formed in the presence of [8-)H]GTP with 
specific activity equivalent to the [3H]Met detected in [3H]- 
Met-tRNAMet,. Thus, formation of initiation complexes does 

Roman et al. ( I  976) recently and independently reported a similar 
lack of inhibition by S-adenosyl-L-homocysteine of STNV RNA trans- 
lation in an in vitro wheat germ system. 
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FIGURE 4: Sucrose gradient analysis of the uptake of [methyl-)H]me- 
thionine (0) and [8-3H]GTP (0) into initiation complexes. Dashed line 
indicates ,4254. 

not require or involve prior formation of m7G(5’)ppp(5’)Np. . - 
groups on STNV RNA. 

The wheat germ system readily translates STNV RNA in 
the presence of [ ( u - ~ ~ P J G T P .  The 32P label from such 
[(u-~*P]GTP should be incorporated into any 5’-terminal 
m7G(5’)ppp(5’)Np. - -group formed on STNV RNA prior to, 
or during, translation (Martin and Moss, 1975). Yet, extensive 
translation of STNV R N A  in the presence of high specific 
activity (9250 Ci/mol) [ ( U - ~ ~ P I G T P  does not cause STNV 
RNA-dependent uptake of 32P label into STNV RNA. Further 
alkaline hydrolysis of this posttranslational STNV RNA, 
followed by characterization of alkaline hydrolysate by chro- 
matography on poly(ethyleneimine)cellulose (Rapaport and 
Zamecnik, 1975) with appropriate standards, fails to detect 
significant levels of 32P label in m7G(5’)ppp(5’)Np. Thus, a 
m7G(5’)ppp(5’)Np. - group is not formed on the 5‘ terminus 
of STNV R N A  prior to in vitro translation of STNV RNA by 
wheat germ extracts. 

Isolation of an Initiator Region Oligonucleotide of STNV 
RNA. Characterization of the nucleotide sequence about the 
initiator AUG site of STNV R N A  offers a direct approach to 
predict features of STNV R N A  that define the single trans- 
lation initiation site of this message. Ribosome protection ex- 
periments (Steitz, 1969) offer a potential route for such a 
characterization. In such experiments, ribosomes present in 
initiation complexes on the mRNA allow treatment of the 
initiation complexes with endonucleases and subsequent iso- 
lation of mRNA fragments protected from endonucleases 
actions by the ribosomes. If the original mRNA is radioactive, 
one can use this radioactive label for purification or charac- 
terization of the protected fragments of mRNA.  

Previously reported ribosome protection experiments employ 
in vivo labeled [32P]mRNA containing a t  least IO6 dpm/pg 
of RNA.  STNV [32P]RNA prepared from STNV- and 
TNV-infected mung beans and STNV [32P]RNA prepared 
in cowpea leaves (Horst et al., 1971) contain 32P levels far 
below this lo6  dpm/pg of R N A  needed for convenient ribo- 
some protection experiments. Accordingly, all of the ribosome 
protection experiments reported here employ S T N V  
[‘251]RNA (sp act. 5 X lo6 y cpmlpg of RNA) prepared by 
the in vitro procedure of Commerford (1971). Such STNV 
[IZ5I]RNA is judged to be specific in that STNV [‘271]RNA, 
prepared in a manner identical to STNV [‘251]RNA, is equally 
effective a messenger R N A  as in vivo STNV RNA. 

Wheat germ ribosomes readily form complexes with STNV 
[1251]RNA (Figure 5 ) .  These complexes are true and specific 
initiation complexes in that their formation requires added 
tRNAMet, ,  nucleoside 5’-triphosphate, and DEAE S-160, and 
they are formed in the presence of the peptide bond synthesis 
inhibitor, sparsomycin. Fifty micromolar aurintricarboxylic 
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FRACTION NUMBER 

F I < ; U R E  7: Sucrose density gradient analysis of initiation complexes 
formed with the STXV [1251]RNA oligonucleotide material of Figure 6 
in a complete system (0) and a complete system lacking tR\AvC',. DEAE 
S-160. ATP, and G T P  ( 0 ) .  Dashed line represents A Z ~ J .  

FRACTION NUMBER 

F I G L R t  5: Sucrose gradient analysis of initiation complexes containing 
STNV [ '251]RNA.  (a)  Initiation complexes formed in a complete system 
(0) and a complete system containing 50 pM aurintricarboxylic acid ( 0 ) .  
(b)  lnitiation complexes formed by complete system lacking tRNAbfc1 ,  
(0). complete system lacking DEAE S-160 (e), and complete system 
lacking ATP and G T P  (0). Dashed lines represent A2'4. 

CENTIMETERS 

8 16 24 32 
FRACTION NUMBER 

t l C ; L R t  6: Analyses of ribosome protected STNV ['"'I]Rl\iA fragment. 
(a)  20% acrylamide gel electrophoretic analysis in the presence of 7 M urea 
and designated t R N A  standards. (b) High-pressure liquid chromato- 
graphic analysis on RPC-5. Dashed line represents ,4254. 

acid markedly inhibits the formation of these initiation com- 
plexes. Treatment of these initiation complexes with ribonu- 
clease A, followed by sedimentation of the treated ribosomes, 
disruption of the sedimented ribosomes with sodium dodecyl 
sulfate-phenol-chloroform, and final alcohol precipitation of 
materials in the aqueous phase of the sodium dodecyl sul- 
fate-phenol-chloroform extracts, yields 251-labeled material 
coprecipitated with a population of ribosomal-RNA fragments. 
This 1'51-labeled material contains approximately 3% of the 
total label in the initiation complexes, suggesting that 
approximately 40 of the original 1200 nucleotides of S T N V  
RNA are retained as a ribosome-protected RNA fragment. 

Several lines of evidence dictate that this 1251-labeled ma- 
terial, precipitated by alcohol, is predominantly a unique ini- 
tiator region oligonucleotide-containing nucleotides at  and 

Table 11: Codons for Translation of the  N Terminus of STNV 
Coat Pr0tein.a 

In vivo amino acid sequence 

Initial biosynthetic product 

Potential codon assignments 

A l a  - L y s  -Gin-... 

Met - A l a  - L y s  -Gin-... 

. -AUG - GCG - AAG - CAG- ' ' 

A 

C 

A A  

A 
Sites cleaved by ribo- 

nuclease A 

0 ligo nu Cleo tide s Eo und in 
"initiator region 

oligonucleotide" lGGC1 IAAACl 

uAmino acid assignments are from known N-terminal sequence 
of STNV coat protein (Klein et  al., 1972;  Tasliian, 1975)  and  the 
expected initiation of STNV RNA translation by eucaryotes with 
N-terminal Met (Klein and Clark, 1973). Codon assignments are 
from the zenetic code. 

around the initiator AUG of STNV RNA. First, the 
labeled material is R N A  in that it adheres to DEAE-cellulose 
a t  neutral pH and is made alcohol soluble by treatment with 
ribonuclease A, takadiastase T I ,  or strong alkali. Second, size 
analysis of this "51-labeled material on acrylamide gel elec- 
trophoresis and by high-pressure liquid chromatography both 
reveal the i251-labeled material to be a rather homogeneous 
preparation with an average equivalent to 38 nucleotides 
(Figure 6). 

Third, i f  the '"I-labeled oligonucleotide material contains 
the nucleotide sequence of the translation initiation site of 
STNV RNA, then it should demonstrate a low efficiency, yet 
spe$ific, rebinding into ribosome-containing initiation com- 
plexes. As seen in Figure 7 ,  the 1251-labeled oligonucleotide 
material does form complexes with wheat germ ribosomes. 
This rebinding, like other reported rebinding of initiator region 
fragments of mRNAs (Steitz, 1973; Dasgupta et al., 1975), 
is inefficient in terms of percent rebinding of radioactive label. 
However, this rebinding is largely specific, depending upon 
added tRNA""i, nucleoside 5'-triphosphate, and DEAE S- 
160. 

Fourth, the I '51-labeled oligonucleotide contains a nucleo- 
tide sequence bhich agrees with the amino acid sequence of 
the N terminus of STNV coat protein. As seen in Table 11.  if 
the ' 251-labeled material protected by ribosomes is the initiator 
fragment of STNV RNA,  it must yield, upon digestion with 
ribonuclease A. two rather distinctive oligonucleotides, both 
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FIGURE 8: Two-dimensional fingerprint analysis of oligonucleotides re- 
leased from S T N V  [ 1 2 S I ] R N A  and ribosome-protected S T N V  
[‘251]RNA oligonucleotide by ribonuclease A. All spots represent 1251- 
containing compounds detected upon radioautographic analysis of ribo- 
nuclease A treated S T N V  [1251]RNA. Cross-hatched spots represent 

251-containing compounds detected upon radioautographic analysis of 
ribonuclease A treated S T N V  [1251]RNA oligonucleotide material of 
Figure 6 .  Nucleotide and oligonucleotide characterizations, and the des- 
ignated spot B (xylene cyano1 F. F., blue marker dye), are based upon the 
analyses of Horst et al. (1971) and Robertson et al. (1973b). 

containing a 3’-terminal Cp. Both of these specific oligonu- 
cleotides would contain 1251 due to the cytidine-specific io- 
dination procedure used to make the original S T N V  
[1251]RNA (Robertson et  al., 1973b). Thus, these two 1251- 
labeled oligonucleotides should be among the few 1251-labeled 
oligonucleotides detected in a ribonuclease A digest of ’ 251- 
labeled, previously ribosome protected, m R N A  fragment. 
Figure 8 contrasts the oligonucleotides and nucleotides ob- 
tained upon digestion of STNV [1251]RNA with those obtained 
from digestion of the 1251-labeled, previously ribosome pro- 
tected, apparent initiator region fragment of STNV R N A  (Le., 
the J251-labeled material of Figure 6). STNV [’251]RNA yields 
the expected wide variety of 1251-labeled degradation products, 
while the apparent initiation fragment of STNV R N A  yields 
only nine 251-labeled degradation products. The small number 
of oligonucleotide and nucleotide products derived from the 
apparent initiation fragment of S T N V  R N A  supports the 
unique character of the isolated R N A  fragment. Further, these 
nine 1251-labeled degradation products are in good agreement 
with the observed 38 nucleotides in the apparent initiator re- 
gion fragment and the known (Reichmann, 1964) 22% cyti- 
dylic acid content of S T N V  RNA.  Most importantly, treat- 
ment of the apparent initiator region fragment of STNV RNA 
with ribonuclease A yields 1251-labeled G G C  and AAAC, two 
oligonucleotides specifically predicted from the known N-  
terminal amino acid sequence of S T N V  coat protein (Table 
11). Further, the failure to detect AAAAC or GAAAC 
suggests that the nucleotide on the 3’ end of the alanine codon 
adjacent to the initiator AUG (Table 11) is a site for cleavage 
by ribonuclease A, namely, a pyrimidine. Thus, the nucleotide 

sequence for the first 12 nucleotides translated on STNV RNA 
is most likely AUGGCFUAAACA$. 

Discussion 
The results presented here establish that the in vitro system 

from wheat germ of Roberts and Paterson (1 973) is an effec- 
tive system for the in vitro translation of STNV RNA.  Spe- 
cifically, the system is efficient in that small quantities of 
cell-free wheat ge‘rm extract support significant levels of 
translation of STNV R N A  (Figure 1). Further, this translation 
is correct, starting at  the single site foi initiation of translation 
of S T N V  R N A  (Figure 3) and yielding only STNV coat 
protein (Figure 2). Thus, experiments that employ this in vitro 
wheat ger.m system can provide meaningful assays of the ini- 
tiation of STNV R N A  translation. 

The experiments reported here also provide some insight into 
features of messenger RNAs that define specific AUG se- 
quences as sites for the initiation of protein synthesis. STNV 
R N A  does not contain a 5’-terminal m7G(5’)ppp(5’)Np. * - 
capping group (Table I) and such a 5’-terminal capping group 
is not added prior to or during initiation and translation of 
STNV R N A  by the wheat germ system (Figure 4). Thus, 
STNV R N A  is like poliovirus R N A  (Nomoto et al., 1976) in 
that it is a functional messenger R N A  that is not capped prior 
to or during translation by a eucaryotic system. These findings 
therefore establish that a preexisting or subsequently formed 
5’-terminal m7G(5’)ppp(5’)Np. - - group is not an obligate 
prerequisite for translation of messenger RNAs in eucaryotic 
systems. These findings also support the theory (Steitz and 
Jakes, 1975) that recognition of initiator AUG sites on 
mRNAs involves a combination of effects generated by factors 
and structural relationships of the ribosomes, mRNA, and 
tRNAMet,. Thus, one can predict that the selection of specific 
AUG sequences on mRNAs as sites for initiation of protein 
synthesis by eucaryotes is favored by, but may not necessarily 
require, (1) the presence of a 5’-terminal m7G(5’)ppp(5’)Np - 
group on the mRNA, (2) a mRNA structure that exposes the 
initiator AUG region of the mRNA,  (3) specific interaction 
of an exposed portion of the m R N A  with a similarly exposed 
and unique portion of the 1 8 s  ribosomal-RNA. In  this con- 
nection, it is of interest to note (Table I) that hemoglobin 
mRNA, an m R N A  containing a 5’-terminal m’G(5’)ppp- 
(5’)Np.e -group (Muthukrishnan et ai., 1975), saturates the 
wheat germ system with 1 pg of hemoglobin mRNA, while this 
same system requires 10 pg of STNV R N A  for saturation. 

Further analysis of features of S T N V  R N A  that influence 
the selection of a specific AUG sequence as an initiator AUG 
requires determination and analysis of the nucleotide sequence 
at  and around the site of initiation of STNV R N A  translation. 
Formation Qf specific initiation complexes between tRNAMc1,, 
wheat germ ribosomes, and S T N V  [ I2jI]RNA facilitates 
ribosome protection experiments and allows the isolation of 
an initiation region oligonucleotide of STNV R N A  (Figures 
5 and 6). This [ 1251]oligonucleotide contains nucleotide se- 
quences that coincide with the codons of the N-terminal amino 
acids of S T N V  coat protein (Figure 8). Thus in vitro labeling 
of messenger RNAs with lZ5I by the method ofcommerford 
(1971) offers a meaningful method for mRNA nucleotide 
sequence studies that employ the ribosome protection ap- 
proach. 
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