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ABSTRACT
A full-length cDNA clone of alfalfa mosaic virus (AMV) RNA3 was prepared

and sequenced. The 2,037 base sequence contains two open reading frames of
903 and 666 nucleotides that code for a 32,400 dalton protein (32.4K protein)
and the 24,380 dalton coat protein, respectively. A 5'-noncoding sequence of
240 bases preceeding the 32.4K protein contains homologous regions that may
have a function in its translation. The intercistronic junction is 49 bases
long, the last 36 bases representing the 5'-end of the subgenomic RNA4. The
remaining 179 bases comprise the 3'-terminal noncoding sequence.

INTRODUCTION

Alfalfa mosaic virus (AMV) has a divided genome with RNAs of approxi-

mately 1.04 x 106 (RNAl), 0.73 x 106 (RNA2), and 0.68 x 106 (RNA3) daltons

(1). In addition to these RNAs, a subgenomic RNA (RNA4) derived from RNA3 is

encapsidated into virions (2). RNA4 is the messenger for coat protein; a

sequence of 881 nucleotides has been previously reported for this RNA (3).

All RNAs are believed to be monocistronic except for RNA3 which is dicis-

tronic. In vitro, only one protein, thought to have a regulatory function

in vivo (4), is translated from the 5'-cistron of RNA3. RNA4 apparently does

not replicate autonomously (5) and as yet it is not understood how it is

derived from the 3'-end of RNA3. We now report the complete sequence of RNA3,

which should be of help in elucidating features involved in replication.

MATERIALS AND METHODS

Materials

Ultra pure urea, bovine serum albumin (BSA) and E. coli poly(A) poly-
merase were obtained from BRL (Gaithersburg, Maryland), polyacrylamide from

BDH (Poole, England), calf. intestinal alkaline phosphatase from Boehringer

(Mannheim, W. Germany), polynucleotide kinase and terminal transferase from

P.L. Biochemicals, Inc. (Milwaukee, Wisconsin), and [y-32P]ATP, [3H]ATP and
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[a-32P]dCTP from New England Nuclear (Boston, Massachusetts). RNasin and the

restriction enzymes AvaI, BamHI, HinclI and PstI were from Biotech (Madison,

Wisconsin). Clal and RsaI were purchased from New England Biolabs (Beverly,
Massachusetts). Avian myeloblastosis virus reverse transcriptase was from

Life Sciences, Inc. (St. Petersburg, Florida).

Isolation of RNA

AMV (strain 425) was purified from infected Nicotiana tabacum L. 'Xanthi-

nc' as previously described (6). RNA, prepared by phenol extraction of the

virus, was enriched for RNAs 1,2, and 3 by three cycles of linear-log sucrose

gradient centrifugation (7).

cDNA Cloning

AMV RNA was polyadenylated using a modification of the procedure des-

cribed by Sippel (8). A reaction of 70il contained 10 mM MgC12, 2.5 mM MnC12,

250 mM NaCl, 28 ig BSA, 4 ig viral RNA, 56 nmol ATP, 1.4 units poly(A) poly-

merase and 2.3 nmol [3H]ATP (20 Ci/mmol) in 50 mM Tris-HCl, pH 7.9. This

procedure allowed an average of 80 adenosine residues to be added to the 3'-

end of RNA3 in 30 minutes with minimal RNA degradation. Reverse transcription

was primed with oligo(dT)12-18. Double stranded DNA was synthesized and

tailed with oligo(dC) by the method described by Land et al. (9) which avoids

the use of S1 nuclease. This was annealed to PstI-cut, oligo(dG)-tailed
pBR322 and transformed into E. coli HB101(10). Tetr-Amps colonies were trans-

ferred to nitrocellulose (11) and screened by using an RNA3 probe prepared as

follows: AMV RNA3 was excised from a denaturing agarose gel, randomly nicked

under alkaline conditions, and 5'-labeled with [32p] using polynucleotide
kinase. Colonies that hybridized strongly were selected, plasmid DNA was

isolated (12) and restriction maps of the clones were determined.

DNA Sequencing

The sequencing strategy for the cDNA clone of RNA3 selected for sequen-

cing (pAMVI70) is outlined in Fig. 1. The cDNA clone was cut with a suitable
restriction enzyme, treated with alkaline phosphatase, and 5'-labeled using

polynucleotide kinase. The double end-labeled fragments were then recut with
suitable restriction enzymes to produce single end-labeled fragments which
were then separated on and eluted from a polyacrylamide gel (procedures 4, 5a,

7 and 9 of Maxam & Gilbert) (13). The DNA sequencing reactions were then

carried out as described (13) with the following modifications. The limiting
G + A reaction as described by Cooke et al. (14) was used. The incubation

time for the G reaction was reduced to 30 seconds at 20C and the times for

the G + A, C + T and C reactions were reduced to three minutes at 200C. These
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Fig. 1. Physical map and sequencing strategy for cDNA clone pAMV170. The
scale is in hundreds of nucleotides. The darker lines indicate the positions
of the 32.4K protein and the coat protein messenger RNA. The dots indicate
the position of the 5'-end labeling and the arrows show the direction and
length of sequencing.

modifications resulted in increased resolution in the sequence ladders,

especially for fragments longer than 400 bases. The electrophoretic system

used here was a modification of the system described by Garoff and Ansorge

(15). Ultra thin gels of 0.2mm thickness were chemically bonded to one of the

glass support plates. Electrophoresis was carried out at a constant tempera-

ture of 50°C maintained by a thermostating plate. The modified sequencing

system used 104 cm x 22 cm gels at three polyacrylamide concentrations (4, 6

and 16%). By applying each 5'-labeled fragment to all three concentrations of

gel, we were able to sequence routinely an average of 500 bases per frag-

ment. Computer analyses of the DNA and protein sequences were performed using

computer programs made available by Drs. 0. Smithies and F. Blattner

(University of Wisconsin, Madison).

RESULTS AND DISCUSSION

cDNA Cloning

Using the cDNA cloning conditions of Land et al. (9), we were able to

obtain a high proportion of long cDNA copies of the AMV RNA genome. Of 171

recombinant colonies screened, eight hybridized strongly with AMV RNA3. These

clones were found to have plasmids containing various overlapping portions of

a single restriction map. The clone containing the longest insert (pAMV170)
was selected for sequencing. It evidently represents a full-length copy

because it terminates in sequences previously determined for the 5'- and 3'-

ends of RNA3 (16,17).
Sequencing

General Features of AMV RNA3. The complete nucleotide sequence of AMV

RNA3 obtained from the cDNA clone pAMV170 and the deduced amino acid sequences

are shown in Fig. 2. At the 5'-end is a noncoding sequence of 240 nucleo-
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Fig. 2. The complete nucleotide sequence of AMV RNA3 cDNA clone pAMV170. The
amino acid sequence of the 32.4K protein and the coat protein is shown beneath
the nucleotide sequence. The arrow at position 1157 indicates the 5'-end of
RNA4 in the intercistronic junction. The heavy lines indicate homologous
repeat sequences in the 5'-terminal noncoding region.
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tides. The terminal 5'-end, with three base substitutions, corresponds to the

sequence of 100 bases reported by Koper-Zwarthoff et al. (16). The coding

region closest to the 5'-end is 903 nucleotides and codes for a protein of

32,400 daltons, referred to as the 32.4K protein. The second coding region of

666 nucleotides codes for a 24,380 dalton protein, which is the coat pro-

tein. There is a short intercistronic junction of 49 nucleotides. The re-

maining 179 bases of the terminal 3'-noncoding sequence agrees with that

reported by Koper-Zwarthoff et al. (17) with three base substitutions. The

total length of AMV RNA3 is 2,037 bases and the base content is G, 22.7%,

A, 26.5%, U, 29.2%, C, 21.6%.

AMV RNA3 is, in overall structure, similar to RNA3 of brome mosaic virus

(BMV). Both are dicistronic with coding sequences for a 32K protein at the

5'-end and the coat protein at the 3'-end (18). We have, however, found

little sequence homology between comparable regions of AMV RNA3 and BMW RNA3.

Terminal 5'-Noncoding Leader Sequence. When the 240 base 5'-noncoding

sequence was compared with the published data of AMV strain 425 (16), three

base substitutions at positions 3, 8, and 79 were found. The U to A change at

position 79 eliminates the reported AUG codon from the sequence. None of

these changes, however, affects the secondary structure proposed by Koper-

Zwarthoff, et al. (16). Within the 5'-leader sequence there are three repeats

of 28-30 bases (Fig. 3A). These regions have previously been reported for AMV

strain S by Pinck, et al. (19). From the data presented here, three secondary

structures can be postulated which include these regions (Fig. 3B). Regions 2

and 3 are identical, however, region 1 differs at two positions (Fig. 3A).

These differences do not affect the secondary structure of region 1

(Fig. 3B). The initiation codon for the 32.4K protein occurs on the decending

limb of the third structure. From analysis of ribosome protected fragments,

Pinck et al. (19) found that two of the homologous regions that are part of

stem-loops 2 and 3 (fig. 3B) were involved with ribosome binding. The first

22 nucleotides of AMV strain 425 and the first 37 nucleotdies of AMV strain S

show little homology. The remaining nucleotides of the 5'-terminal noncoding

region show 97% homology and the repeat sequences are maintained. This

suggests some functional significance for the secondary structures and

evolutionary conservation of the ribosome binding sites. Other plant viruses

that have long 5'-terminal noncoding leader sequences have been reported to

bind more than one ribosome under conditions where elongation of protein

synthesis was inhibited (20,21).
When compared with the total base content of RNA3, the composition of the
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Fig. 3. (A) Nucleotide sequences of the homologous repeat regions at the 5'-
terminal noncoding end of AMV RNA3. The numbers represent the nucleotide
positions from the 5'-end. * indicates non-homologous bases. (B) Possible
secondary structures showing the location of the homologous regions and their
base substitutions. These structures may play a role in ribosome binding.
The initiation codon for the 32.4K protein is indicated on ster-loop 3.

5'-noncoding sequence is markedly low in G residues (13%) and high in U resi-

dues (40%) (Table 1). Table 1 also shows that the regions surrounding the

stem-loop structures account for the low G, high U content. The stem-loop

regions have a base content similar to that of the whole RNA3. The reason for

a prejudice against G residues in the terminal 5' noncoding sequence is not

understood, but these results are in agreement with those for other 5'-non-

coding leader sequences from plant viral RNAs (22,23).

The 32.4K Protein of AMV RNA3. The first AUG codon occurs at position

241 and initiation of translation is most likely to occur here (24). This

corresponds to the AUG codon in strain S that Pinck et al. (19) suggest as

being the initiation codon for the 32.4K protein. An open reading frame
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Table 1. P ULCJUTAGE BSEDATDUi9T FOR VARIOUS REGIONS 0F ANY S33

Bswe OQmtent
IG ZA EU

Total R3N3

Terminal 5'-noncoding sequence

Stem-loop 1

Stem-loop 2

Ster-loop 3

5'1noncoding seqce flanking
the stem-loops

Intercistronic junction

32.41 protein cistron

Coat protein cistron

Terminal 3'-noncoding sequence

23 26 29 22

13 30 40 17

17 26 41 16

24 24 31 21

22 27 35 16

4 39 40 17

14 19 50 17

24 28 28 20

26 24 25 25

21 28 30 21

Table 2. ODD01 USAG FOR AMW 32.41 PROTEIN CISZION

Ala(A) GCL
CCU

6GW
Arg(R))AL

AGG
WCA

OGG6cu

Asn(N) MC
MAU

Asp(D) CAC
6UI

Cy(C) DUC

5
3
4

12
2
4
0
1
1
3
3

11
4

12
1
1

Gln(Q) CA
CAG

Glu() GA
GAG

Gly(G) GU
GGC
CGG
CG

His(H) CAC
CaU

Ilu( I) AUA
AUC
AUg

Leu(L) WA
cuc
CG

1
4

10
6
7
0
5
8
3
3
5
2

11
4
4
4

Leu(L) WIJ
WA

Lys(K) AAL
AM

Net(X) AUG
phe(F) WUC

Dug
Pro(P) Cm

cccCCC
carCCII

Ser(S) AGC
AU:I
UCA
ucc

7
8
6

10
12
8
1
8
7
5
2
4
4
6
6
3

Ser( S) UCO

Thr(T) AC
ACC
ACO

Trpw) DUG
Tyr(Y) ULC

UAU
Val(V) WA

acu611C

bd(.) UM
ULG
UWA

extends from position 241 through the UGA stop codon

sequence of 903 bases codes for a protein having a

32,400.

to position 1143. This

of molecular weight of

The codon usage for the AMV 32.4K protein is given in Table 2. Ala, Asn,

Asp, Gln, Ilu, and Phe show some preference in codon usage. No preference is

shown between purines and pyrimidines at the third base position. With codons
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6UUUUUAUUUUUAAUUUUCUUUCAAUUACUUCCAUCAU6A6UUCUUCACAAAA6AAA6CU66U666AAA6CU66UAAACCUACUAAAC6UUCUCA6AACU
A

METSERSERSER6LNLYSLYSALA6LY6LYLYSALA6LYLYSPRoTHRLYsARGSER6LNAsUT

AU6CU6CCUUAC6CAAA6CUCAACU6CC6AA6CCUCC66C6UU6AAA6UCCC66UU6UAAAACC6AC6AAUACUAUACU6CCACA6AC666CU6C6U6U6
U

YnALAALALEuAnrCLYSALA6LmLEUPRoLYSPnoPnoALALEuLYSVALPROVALVALLYsPnoTHRAsNITHR ILELEUPIIO6LNIT"HR6LYCYSVALTR

6CAAA6CCUC666ACCCCUCU6AGUCU6A6CULUUUUAAU666CUC66C6U6AGAUUCCUCUACA6UUUUCU6AA66AUUUC6C666ACCUC66AUCCUC
1456

C u
P6LNSERLEU6LYTHRPRoLEUSERLEUSERSERPHEAsN6LYLEu6LYVALARGPHELEuTYRSERPHELEuLYsAsPPHEALA6LYPRoARsILELEU

ALA VAL

GA6A6^6AUCU6AUUUACA66AU66U6UUUUCCAUAACACC6UCCUAU6CC66CACCUUUU6UCUCACU6AU6AC6U6AC6ACU6A66AU66UA666CC6

6Lu6LuAsPLEu ILETYRARGMETVALPHESERILETHRPROSERTYRALA6LYTHRPHECYSLEUTHRASPASPVALTHRTHR6LuASp6LYARsALAV
His

VU6C6CAU66UAAUCCCAU6CAAGAAUUUCCUCAU66C6C6UUUCAC6CUAAU6A6AA6UUC666UUU6A6UUG6UCUUCACA6CUCCUACCCAU6C666
C C

ALALAH IS6LYASNPROMET6LN6LUPHEPROH IS6LYALAPHEH ISALAASU6LULYSPHE6LYPHE6LULEUVALPHETHRALAPROTHRH IsALA6L

AAU6CAAAACCAAAAUUUCAA6CAUUCCUAU6CC6UA6CCCUCU6UCU66ACUUC6AC6C6CA6CCU6A666AUCUAAAAAUCCCUCAUACC6AUUCAAC
U U U

YHET6LNASU6LNASNPHELYSH ISSERTYRALAVALALALEUCYSLEUASPPHEASPALA6LNPRo6Lu6LYSERLYSASNPROSERTYRAR6PHEASU
PHE

6AA6UUU666UC6A6A6AAA66C6UUCCC6C6A6CA666CCCCUCC6CA6UUU6AUUACU6U6666CU6CUC6AC6AA6CU6AC6AUCUU6AUC6UCAUU
--------- -- -- -- -- -- -- -- --- ----*- -- ---.- 1856

U
6LUVALTRPVAL6LuAR6LYSALAPHEPRoARsALA6LYPROLEUARSSERLEU ILETHRVAL6LYLEULEUAsP6LUALAASPASPLEUASpARsH isE

PHE

6AU6UACCCCAUUAAUUU666AU6CCAAA6UCAUUU6AU6CU6ACCUCCACU666U66AUUAA66UCAA66UAU6AA6UCCUAUUC6CUCCU6AUA66AU
U u A

ND

C6ACUUCAUAUU6CUUAUAUAU6U6CUAAC6CACAUAUAUAAAU6CUCAU6CAAAACU6CAU6AAU6CCCCUAA666AIGC
__ ---_ -- ---. -- --. --- -- .-- * .- *--- 2037

Fig. 4. The nucleotide sequence of RNA4 obtained from sequencing four in-
dividual cDNA clones. Where there are differences between this sequence and
that published by Brederode et al. (3), the base changes are indicated. Amino
acid differences are also shown. The nucleotide numbering corresponds to that
for RNA3.

ending with pyrimidines, however, there is a significant preference for U over

C (2.2:1).
Intercistronic Junction. The intercistronic junction in AMV RNA3 con-

sists of 49 bases. Our sequence differs from that of Brederode et al. (3) by
only one nucleotide (Fig. 4), and this is at a position where variation has

been previously reported (25). A complex secondary structure, proposed by

Koper-Zwarthoff et al. (26), that contains the intercistronic region is main-

tained. A large portion of the intercistronic junction is the 5'-leader

sequence of AMV RNA4 which is characteristically low in G residues. This

results in a low G (14%) and high U (50%) content for this junction (Table
1). We do not find a continuous reading frame between the 32.4K protein and

the coat protein such as that suggested by van Vloten-Doting et al. (27).
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Table 3. ODON USAGE FOR AN (DAT PROTEIN CISRN

Ala(A) GCA 1 Gln( Q) C&A 6 Leu(L) WlJ 1 Ser( S) UCOG
GCC 5 CAG 3 UUA 1 UCI
CCG 7 Glu(E) GA 4 UWG 3 Thr(T) ACA 2
GCIJ 7 GAG 6 Lys(K) MA 8 ACC 3

Arg(R) AGA 2 Gly(G) GGA 3 MG 6 ACG 3
AGG 2 GGC 4 Met(N) AUG 4 ACU S
OGA 2 GOG 6 Phe(F) UUC 8 Trp(W) U1G 2
COC 2 GU 4 UUU 7 Tyr(Y) UAC 3
COG 1 Eis(H) CAC 1 Pro(P) CC& 1 UAU 3
CGU 2 C&U 5 CCC 3 Val(V) GUA 2

Asn(N) MC 3 Ilu(I) AUA 2 CCG 6 CUC 3
MAU 6 AUC 1 CCU 7 GUG 5

Asp(D) GAC 5 AUJ 2 Ser(S) AGC 2 GUU 3
GCU 6 Leu(L) CUA 0 ACU 4 Ehd(.) UAA

Cys(C) UGC 1 c(C 8 UCA 2 UAG 0
UGU 2 c0G 8 UCC 3 UGA 1

AMV Coat Protein. In AMV RNA3 the initiation codon for the coat protein

is at position 1193. Following this is an open reading frame of 663 bases

concluding with a UGA stop codon. This sequence codes for a protein with a

molecular weight of 24,380. To confirm our sequence data for the coat protein

cistron, three independent cDNA clones approximately the size of AMV RNA4 were

also sequenced. Although these cDNA clones varied in length (745, 876 and 982

bases), they all contained the 3'-end. The sequences of these three indepen-

dent cDNA clones were in complete agreement. The sequence shown in Fig. 4

shows 14 base and five amino acid substitutions from the published sequence

(3). Although both cultures of AMV strain 425 originated from the same iso-

late (28), they had been maintained independently for many years. Our

sequence data indicates that these cultures are now slightly different.

However, the open reading frame of 138 amino acids in the minus strand of AMV

RNA4 reported by van Vloten-Doting (29) was still maintained in the complement

of the sequence presented here.

The codon usage for the coat protein cistfon is shown in Table 3. This

was similar to the published data of Brederode et al. (3) except for five

amino acid substitutions. There was little preference for U over C (1.2:1) in

codons ending with pyrimidines, whereas there was a significant bias for U

over C (2.2:1) for the 32.4K protein.

3'-Terminal Noncoding Sequence. The 3'-terminal noncoding sequence

consists of 179 bases (Fig. 4), and is similar to all of the published data on

this region (17,26,30,31). The three base substitutions found in this area do

not affect any of the postulated secondary structures for coat protein binding

2889



Nucleic Acids Research

(32,33). The G to U substitution at position 1860 created an RsaI site which

was utilized during the sequencing strategy (Fig. 1).

In conclusion, from the entire sequence of AMV RNA3 presented here, we

can identify highly homologous repeat sequences in the 5'-leader region which

can form stable secondary structures incorporating ribosome binding sites

described by Pinck, et al. (19). The clone pAMV170 contains sequences comple-

mentary to the entire RNA3; therefore, we will be able to investigate the

effect of specific base changes on the function of the 5'-leader sequences as

well as on the mechanisms of subgenomic RNA4 synthesis.
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