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I. Introduction 

Alfalfa mosaic virus (AMV) contains a coat protein- 
dependent tripartite genome. For infectivity, the three 
largest RNAs (RNAs 1-3 in order of decreasing 
molecular weight) plus either coat protein or the 
smallest RNA (RNA 4) which codes for coat protein 
are required [ 121. By contrast, the coat protein- 
independent tripartite viruses, e.g., cucumber mosaic 
virus (CMV) and brome mosaic virus (BMV), required 
only the three largest of their four RNAs for infectivity 
[3,4]. A further difference is that CMV and BMV 
RNAs can be aminoacylated by tyrosine in the 
presence of plant aminoacyl tRNA synthetases 
whereas AMV RNAs cannot be aminoacylated by 
any amino acid [2,5]. This implies a fundamental 
difference in the 3’-terminal sequences of AMV RNAs 
as compared to CMV and BMV RNAs. 

We have shown by hybridization analysis using 
labelled complementary DNA (cDNA) that, for both 
AMV and CMV, RNAs 1,2 and 3 are unique mole- 
cules and that the sequence of RNA 4 is contained at 
the 3’end of RNA 3 [6,7]. In addition, the hybridi- 
zation results for CMV showed an homologous region 
of -200 residues at the 3’-termini of the four RNAs 
whereas RNAs 1,2 and 3 of AMV showed <SO 
residues terminal homology. 

The sequence of -270 residues from the 3’-termini 
of the four CMV RNAs has been determined using 
the dideoxynucleotide chain termination technique 
as applied to RNA [8] and showed regions of com- 
plete, partial or no homology between the RNAs [9]. 
Here, the same sequencing approach has been applied 
to determine the sequence of the 3’-terminal 
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220 residues of the four AMV RNAs. All RNAs have 
a common 3’-terminal sequence of 23 residues 
followed by a region of extensive homology up to 
residue 142 for RNAs 1,3 and 4 and to residue 143 

for RNA 2; thereafter there is no sequence homology. 
As compared with the identical sequence of RNAs 
3 and 4 in the 3’-homologous region, there are 
22 residues (15%) different in RNA 1 and 15 residues 
(10%) different in RNA 2. 

2. Materials and methods 

The four viral RNAs of AMV (Q-strain) were puri- 
fied as in [lo] and polyadenylated at their 3’-termini 
with Escherichia coli ATP:RNA adenyltransferase 
(poly(A) polymerase) essentially as in [ 111. 

The sequencing approach and procedure used have 
been described fully in [9] but brief details are as 
follows. Using polyadenylated RNA as template and 
d(pTaG) as primer, cDNA was transcribed using 
reverse transcriptase in four reactions, each con- 
taming a different 2’,3’-dideoxynucleoside 5’-triphos- 
phate (ddNTP). Reaction mixtures contained in 4 ~1 
final vol.; 50 mM Tris-HCl (pH 8.0), 50 mM KCl, 
6 mM MgC12, 10 mM DTT, -0.1 pg polyadenylated 
RNA, 0.05-0.1 pg d(pTaG), each of the four dNTPs 
at 15-50 PM, the appropriate ddNTP at 8-2.50 PM, 
5 /Xi each of d [L+~~P] CTP and d [~_Y-~~P] GTP 
(200-350 Ci/mmol [12]), and 2.5 units of reverse 
transcriptase. After incubation at room temperature 
for 5 min and 37°C for 30 min, labelled nucleotides 
in each reaction mixture were separated on the 
basis of chain length by electrophoresis on thin 6% 
polyacrylamide gels [9,13]. Autoradiography of gels 
was carried out at -70°C using preflashed Fuji RX 
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medical X-ray film and Ilford fast tungstate inten- 
sifying screens [ 141. 

3. Results and discussion 

3 .l . Sequencing procedure 
The 3’-terminal residue of the AMV RNAs was 

shown to be C by the method for CMV in [ 151 so 
that d(pTsG) was used as a primer for the reverse 
transcriptase catalysed synthesis of cDNA on poly- 
adenylated RNA during sequencing by the dideoxy- 
nucleotide chain termination technique in [8]. By 
empirically altering the concentration of each ddNTP 
in the sequencing reaction mixtures, it was possible to 
obtain sequences >220 residues from the 
3’-terminus of the four RNAs. Routinely, thin 
sequencing gels nearly 80 cm long were used [9 ,161 
rather than the standard 40 cm thin gels in [ 131. 

3.2. Sequences adjacent to the 3’-termini of the four 
AMVRNAS 

Examples of sequencing gels of the 3’-terminal 
region of RNAs 2 and 4 are shown in fig.1 ; such gels 
of all RNAs allowed the unambiguous reading of 
>50 residues from the 3’-terminus. However, a band 
corresponding to residue 2 (the first one inserted 
after the d(pTsG) primer) was always missing (fig.1, 
RNA 4) even when d [5’-32P] (pTsG) was added to the 
reaction mixture (fig.1, RNA 2). By contrast, it was 
necessary to use d[5’-32P](pTsG) for the determina- 
tion of the first few residues of the CMV RNAs [9]. 
That residue 2 was C was shown by the appearance of 
all residues from no. 3 onwards in sequencing reac- 
tion mixtures containing only d [s~*P]CTP as the 
labelled triphosphate; by comparison, residue 11 was 
the first to appear when d [w~*P]GTP was the only 
labelled triphosphate present. The reason for the lack 
of appearance of residue 2 under the conditions used 

is unknown. 

3.3. Sequences up to 220 residues from the 3’-termini 
of AMVRNAs 

Data for each RNA were obtained from sequencing 
gels of several different reaction mixtures using two 
or more different preparations of polyadenylated 
RNA. This was necessary because of the variation in 
the quality of sequencing gels which has been found 
difficult to control. Regions difficult to read in one 
gel were resolved by reference to one or more other 
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gels. A background banding pattern was always found 
in all four ddNTP tracks for these longer sequences 
(fig.2) but this often proved useful in lining up gel 

bands. 
For each RNA, there were two regions of ambiguity 

due to compression of nucleotide bands [8,17-191 
but these were resolved using sequencing reaction 
mixtures in which unlabelled dGTP was replaced by 
dITP. This approach was based on the suppression of 
band compression in sequencing gels of the phage 
Qfl RNA replicase product by substitution of GTP by 
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Fig.1. Sequencing gels for the 3’cnds of AMV RNAs 2 and 4. 

The reaction mixture for RNA 4 contained d[u-32P]CTP 

and d[cu-32P]GTP while that for RNA 2 also contained 

d [S’-“PI (pT,G). Only the bottom 30 cm of the 77 cm long 

6% acrylamide gel is shown. A, C, G and T are the tracks of 

reaction mixtures containing ddATP, ddCTP, ddGTP and 

ddTTP, respectively. Residue 2 (X) does not appear as a band 

but was shown to be C (see text). Residues are numbered 
from the 3’end of each RNA. 



Volume 109, number 1 FEBS LETTERS January 1980 

ITP in the RNA replicated reaction mixtures [ 191. 
Examples of dGTP and dITP sequencing gels for 
these two regions for RNA 4 are shown in fig.2; 
sequences between residues 53 and 60 and residues 
131 and 136 were clearly resolved in the dITP gels. It 
has been found more difficult to obtain clearly read- 
able gels using dITP rather than dGTP; if better con- 
ditions can be determined for the use of dITP, e.g., by 
variation of the dITP concentration in the sequencing 
reaction mixtures and the use of ddITP rather than 
ddGTP, then this approach could be used routinely. 

The sequence data for the four AMV RNAs are 

ACGT ACGT ACGT ACGT 

dGTP d ITP 

given in fig.3. Since the sequence of RNA 3 was iden- 
tical to that of RNA 4, these sequences are presented 
together. There are a number of important features of 
this sequence data: 
1. There is substantial sequence homology between 

the four RNAs up to residue 142 for RNAs 1,3 
and 4, and to residue 143 for RNA 2, but there 
is no homology thereafter between RNAs 1,2 and 
3 or 4. 

2. The sequence of RNA 3 is identical to RNA 4 as 
expected since hybridization data showed that the 
sequence of RNA 4 is at the 3’end of RNA 3 [7]. 

l!io 
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Fig.2. Comparison of sequencing gels of RNA 4 obtained using either dGTP or dITP in sequencing reaction mixtures. The region 

of band compression in each of the dGTP gels is shown by a vertical line. Residues are numbered from the 3’end. A, C, G and T 

are as in fig.1. The two left-hand results were from different gels. 
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IJUGUAGAGAUGCCGGUAAUACCGACG RNA 1 
220 210 201 

UUAAGCCUGGUAGAGUGAAAAAAUCCC RNA2 
220 210 202 

UUUGAUUACUGUGGGGCUGCUCGACGAAGC 
RNA 3 

230 220 210 ml 
RNA 4 

AUAGUAUUUUAGCGAGGAGCUAUAAUACUAAUUUCUGAAUUAGUCAUUGG RNA 1 
200 190 180 170 160 151 

AGUCGGAUGCCAGGUCAAGGGCACG[A)CGAGCUUGAUGUUUUCUUGACAUA RNA 2 
200 190 160 170 160 152 

UGACGAUCUUGAUCGUCAUUGAUGUACCCCAUUAAUUUGGGAUGCCAAAG 
RNA 3 

200 190 160 170 160 151 
RNA 4 

100 60 51 

loo 60 52 

cu AUUCGCUCCUGAUAGGAUCGACUUC-AUAUUGCUUAUAUAUGUGCUAAC 
loo 90 u 70 60 51 

RNA 3 
RNA 4 

GCAC~G)UAUAUAAAUGCUCAUGCAAAA-UUGCAUGAAUGCCCCUAAGGGAGC RNA1 
50 40 30 l-l 20 10 1 

50 40 10 1 

50 40 10 1 

Fig.3. Sequences of the 3’-terminal regions of AMV RNAs. Sequences of RNAs 1 and 2 are arranged vertically with those of 

RNAs 3 and 4 to show maximum sequence homology; sequence homology terminates after residue 142 of RNAs 3 and 4 as 
shown by the vertical line. The absence of a residue is indicated by a dash (-). Where there is ambiguity, the most likely residue is 

given in parenthesis. The boxed areas are partially homologous regions with an addition or deletion of a residue. 

As compared with RNAs 3 and 4 in the homologous in [20]. There are two differences with our data; 

region, there are 22 residues (15%) different in residues 3 and 4 (AC, fig.3) are replaced by a C, 
RNA 1 and 15 residues (1%) different in RNA 2; and residue 91 is deleted in strain 425. 
within the same region there are 7 differences 5. AMV RNA 4 contains -825 residues [7], codes 
between RNAs 1 and 2. The first 23 residues of all for a coat protein of -220 amino acids [21,22] 
RNAs are identical while three regions (boxed in and has a S’untranslated region of 36 residues 
fig.3) contain an addition or deletion of a residue. [23,24]. On the basis of these data, there are 
The sequence of the 3’-terminal9 1 residues of -126 residues untranslated at the 3’end of the 
RNA 4 of strain 425 of AMV have been determined RNA. There are six stop codons (five UGA and 
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one UAA) in all reading frames between residues 
143 and 230 of RNA 4 so that the coat protein 
could terminate in this region. However, the 
precise termination point must await C-terminal 
amino acid sequence data. 

3.4. Possible base-paired regions in 3’-terminal 
sequences 

With the aid of the computer programme in [25 3, 

RNA 4. The structure of fig.4 has 59% of the 
terminal 220 residues base-paired and has several 
interesting features. Of the 12 positions of RNA 4 
up to residue 119 where base substitution occurs 
in RNAs 1 and 2,8 are in single-strand regions and 
one (residue 77) is opposite a residue (residue 103) 
which is deleted. In two other positions of RNA 4 
(residues 46 and 59), an A-U base-pair is sub- 
stituted by a G-C base-pair in RNA 1. Further, in 
RNAs 1 and 2, the insertion of a U residue after possible base-paired regions were searched for in 
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Fig.4. A possible base-paired structure for the 3’-terminal 223 residues of AMV RNA 4. Base substitutions in the 3’-terminal 142 

residues of RNAs 1 and 2 shown; the subscript refers to the RNA involved while the absence of a subscript means that substitu- 

tion occurs in both RNAs. The U to 0 and G to 0 substitutions at residues 81 and 103 are deletions in RNAs 1 and 2. The vertical 
lines after residues 73 and 106 indicate the insertion of a U and A residue in RNAs 1 and 2. 
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residue 73 of RNA 4 is coupled to the insertion of 
an A residue after residue 106. Finally, the 3’-ter- 
minal homologous region of the four RNAs termi- 
nates at the end of a loop (residue 142 of RNA 4). 
These considerations support the structure proposed 
in fig.4. However, the region of marked band com- 

pression between residues 53 and 60 (fig.2) would 
occur just after the loop of the hairpin structure 
(fig.4) and not further down the stem as would be 
expected on the basis of the results in [26] on the 

copying of MDV-1 RNA by the Qfl RNA replicase. 

3.5 . Concluding comments 

The extensive sequence homology found here in 
the 3’-terminal sequences of the four AMV RNAs is 
intriguing but there is no information to indicate its 
possible biological significance. It would be of interest 
to see to what extent the actual sequence and arrange- 
ment are conserved in other strains of AMV. At least 
some of the terminal sequence must be involved in 
the recognition site of the RNA replicase responsible 
for the replication of the AMV RNAs [27] while the 
coat protein has been shown to bind to the 3’-terminal 
10% (80-90 residues) of RNA 4 [28]. On the basis 
of the sequence data here, coat protein should also 
bind to the 3’-terminal region of RNAs I,2 and 3. 

Our hybridization data [7] indicated that a maxi- 
mum of -50 residues of the 3’-terminal300 residues 
of AMV RNA 4 were homologous with AMV RNAs 
1 and 2. This sequence data illustrates the difficulty 
in obtaining accurate homology estimates using a 
hybridization approach. 
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