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The lipid-containing bacteriophige 4)6 has a genome composed of three segments of double-stranded RNA.
We determined the nucleotide sequence of a cDNA copy of the smallest RNA segment. The coding sequences
of the four proteins on this segment were identified. These sequences were clustered. Three of the genes had
overlapping initiation-termination codons. All noncoding sequences were at the ends of the molecule. The genes
of the small double-stranded RNA segment comprised two translational polarity groups. We propose that the
translational coupling is the result of an inability of ribosomes to bind independently to two of the four genes.
Translation of these genes occurred when ribosomes were delivered to them by translation of an upstream gene.

Phage 4)6 is a lipid-containing bacteriophage ofPseudomo-
nas phaseolicola (50). The genome is composed of three
segments of double-stranded RNA (dsRNA), the sizes of
which are 7.0, 4.0, and 3.0 kilobase pairs (kbp) (37). 46
directs the synthesis of 12 proteins, 11 of which are found in
the virion (42). The virion is composed of a polyhedral
nucleocapsid that contains one copy of each dsRNA seg-
ment. Surrounding the nucleocapsid is an envelope com-
posed of phosphatidylglycerol, phosphatidylethanolamine,
and four phage proteins. Because of its relative simplicity,
4)6 is a useful model system for studying the morphogenesis
of membrane structures. Previous investigations from this
laboratory have shown that at least one of the phage mem-
brane proteins (P9) and a morphogenetic protein (P12) are
required for the envelopment of the nucleocapsid (2, 29).
Three of the genes involved in the membrane acquisition

are on the smallest RNA segment (segment S): P8, the major
nucleocapsid protein; P9, the major membrane protein; and
P12, the morphogenetic protein (21). The phage lysis protein
P5 is also on this segment (21). These genes can be divided
into two polarity groups: P8 nonsense mutations are com-
pletely polar on P12; P9 nonsense mutations are completely
polar on P5 (40). There is no polarity between genes 8 and 9.
The observed polarities are translational, rather than tran-
scriptional, because one polycistronic mRNA molecule is
made from segment S, and both P8 and P9 nonsense mutants
make full-length segment S mRNA in vivo (41). Transla-
tional polarity has been documented in other bacterial sys-
tems, and this type of regulation has been termed transla-
tional coupling (32). A unique aspect of the translational
coupling of the 4)6 genes is the amount of proteins synthe-
sized. P12 and P5 are made in approximately one-tenth the
amounts of P8 and P9 (42).
To facilitate further studies of the particle assembly path-

way, particularly the role that each protein plays in this
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process, cDNA clones of the 4)6 RNA segments were
prepared (27). Two cDNA fragments, designated F90 and
F84, were found by Northern blot analysis to be homologous
with segment S (27). Fragment F90 directs the synthesis of
the four segment S proteins in a cell-free, coupled transcrip-
tion-translation system (27). Furthermore, fragment F90,
when carried on a vector in P. phaseolicola, complements
mutations in the genes of segment S, thereby establishing
that the cDNA cloned genes are biologically active (27).
Here we report the complete nucleotide sequence of the S
segment. The open reading frames (ORFs) of the four
proteins are identified, and a model for the translational
couplings is proposed.

MATERIALS AND METHODS

Bacterial strains, phage, and plasmids. P. phaseolicola
HB1OY is the normal host for 4)6 (50). Pseudomonas
pseudoalcaligenes ERA(pLM2S4) is a suppressor strain used
for the preparation of 4)6 nonsense mutants (25). 4)6hls is the
phage strain that was used as the wild type; it carries a
mutation in the gene for the absorption protein P3 that allows
it to grow on plates of P. pseudoalcaligenes and a second
mutation in an unidentified locus that improves plating
efficiency on the suppressor strain. The phage mutants used
in this study were derivatives of 4)6hls which contained
nonsense mutations in genes 8, 9, 12, or 5 (11). These phages
also contained a second mutation, h591, which is a host range
mutation mapped to the large segment (27).

Escherichia coli JM83 (a AlacMJ5 strain [51]) and LM3 (a
spectinomycin-resistant, streptomycin-sensitive derivative
of JM83 [27]) were used as hosts for subclonings.

Plasmid pUC8 was purchased from Bethesda Research
Laboratories, Gaithersburg, Md. (51). Plasmids pLMF90
and pLMF84 are pBR322 derivatives containing cDNA
insert fragments of segment S (27). These inserts were
designated F90 and F84. Plasmid pLM254, which can be
maintained in both E. coli and P. phaseolicola, is an
RSF1010 derivative containing the lacZ-polylinker region
and the ampicillin resistance gene of pUC8 (27).

Preparation of DNA. Minilysate plasmid DNA, which was
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used for screening transformants, was prepared from 5 ml of
overnight cultures by the procedure of Birnboim and Doly
(3). Large plasmid preparations were prepared from 200 ml
of overnight cultures by the cleared lysate method of Clewell
(5). DNA was further purified by CsCl centrifugation or by
passage over a Bio-Gel AS0M (Bio-Rad Laboratories, Rich-
mond, Calif.) column equilibrated with 0.5 M NaCI-10 mM
Tris hydrochloride (pH 8.0).

Procedures for restriction digestion, 0.8% agarose electro-
phoresis, 5% polyacrylamide gel electrophoresis, and liga-
tions have been described previously (23, 28). Transforma-
tion of E. coli and P. phaseolicola has been described
previously (27).
DNA sequencing. Nucleotide sequence analysis was per-

formed as described by Maxam and Gilbert (22). Fragments
for sequencing were 5' labeled, following dephosphorylation
with bacterial alkaline phosphatase, by treatment with poly-
nucleotide kinase and [,y-32P]ATP (22) or 3' labeled by
treatment with terminal nucleotide transferase in the pres-
ence of [a-32P]ddATP (22). The labeled fragments were
secondarily cut, separated on 5% polyacrylamide gels, and
electroeluted from gel slices at 120 V in 0.088 M Tris borate
(pH 8.0) buffer. In some instances in which there were no
convenient sites for secondary cutting, the fragments were
strand separated on 8% gels (22) and then electroeluted. The
purified, singly labeled fragments were chemically modified
and cleaved by the procedures described by Maxam and
Gilbert (22). The products of the reactions were displayed on
8 and 20% polyacrylamide-8.3 M urea sequencing gels.
The initial step in the sequence analysis was to subclone

F90 DNA fragments into pUC8. The F90 insert fragment was
liberated from a pBR322 clone (pLMF90) (27) by digestion
with PstI and then isolated from a 1% low-melting-point
agarose gel. The purified fragment was digested with PvuII,
and the resulting six fragments were subcloned into pUC8.
The PvuII fragments (bound on both sides by PvuII sites)
were cloned into the HinclI site, and the two terminal
PstI-PvuII fragments were cloned into the HincII-PstI sites
of pUC8. This approach was adopted because DNA frag-
ments inserted into the pUC8 cloning region can be se-
quenced from both sides by labeling at vector sites located
within 20 base pairs (bp) of the insert-vector junction.
The 2.7-kb BamHI-PstI fragment of F90, which contains

all of F90 sequences except for 62 bp at the 5' terminus, was
subcloned into the BamHI-PstI sites of pUC8. In this
construct, designated pTM202, the cloned genes were ori-
ented so that they were transcribed from the lac promoter of
pUC8. Plasmid pTM202, containing all of the protein coding
sequences of segment S, directs the synthesis of proteins P8,
P12, P9, and P5 (P11) in a cell-free, coupled transcription-
translation system (27). Sequencing across the intact PvuII
sites was accomplished by labeling at the DdeI, EcoRV,
Sall, and ClaI sites of the insert fragment of pTM202.
Dideoxy DNA sequencing. Two gene 8 deletion constructs,

pTM248 and pTM249, were sequenced by the chain termi-
nation method of Sanger et al. (35). The EcoRI-XmnI frag-
ments from pTM248 and pTM249 (675 and 682 bp, respec-
tively) were cloned into EcoRI-SmaI-cut phage M13mpll.
The sequences of the SmaI-Scal fusion site of pTM248 and
the SmaI-EcoRV fusion site of pTM249 were derived from
this analysis.

Dideoxy RNA sequencing. Regions of segment S were
sequenced with dideoxynucleotides and avian myelo-
blastosis virus reverse transcriptase (Life Sciences, Inc., St.
Petersburg, Fla.). In vitro-synthesized 4)6 mRNA (33; pro-
vided by L. Lehman) was used as template. Three 17mer

primers were synthesized with an Applied Biosystems 380A
DNA synthesizer. The primers used were as follows: I,
3'-ACAAGGGTCTACAGTGC-5' (base 2309 to base 2325;
nucleotide position of the complete small segment with base
1 being the first base on the 5' end; plus strand sense); II,
3'-AATCCGGCATTGGAAGG-5' (base 2001 to base 2017);
III, 3'-AGACTCTGGGCACGGCG-5' (base 1701 to base
1717). The primers were gel purified from 20% polyacryl-
amide-8.3 M urea gels by the crush and soak method (22).
The conditions for the sequence reactions were basically
those of Hamlyn et al. (16); the optimal primer-template ratio
was empirically determined for each primer.

Protein purification and amino acid sequencing. Purified P9
and P8 were isolated by the method of Sinclair et al. (42).
Automated Edman degradation was achieved by using a
Beckman 890c sequencer and a 0.1 M Quadril program (11).
The amino acids were identified as their phenylthiohydan-
toin derivatives.

In vivo complementation assay. The biological activity of
the cloned genes was assayed by spotting phage mutants on
a lawn of P. phaseolicola carrying the cDNA cloned genes.
Complementation was scored as the efficiency with which
the mutants were able to form plaques on the clone-bearing
strains (27).

In vitro protein synthesis. An S-30 extract was prepared
from E. coli MRE600 cells by the procedure of Zubay (53).
The in vitro protein synthesis reaction was performed in
25-,u reaction mixtures containing 2 to 3 ,ug of template
DNA, 30 ,uCi of [3H]leucine, 2 ,ul of S-30 extract, amino
acids, and cofactors at the recommended concentrations
(53). The samples were incubated at 370C for 1 h with
vigorous shaking. The protein was precipitated by the addi-
tion of 9 volumes of 90% acetone. The protein pellets were
washed once with 90% acetone, air dried, suspended in 1
volume of running dye (48), placed in a boiling-water bath for
2 min, and stored at -20°C until use.

Protein samples were displayed on 10 to 20% linear
polyacrylamide gels (42). Following fixation the gels were
fluorographed with En3Lighten (New England Nuclear
Corp., Boston, Mass.), dried, and exposed at -70°C.
Computer analysis. The computer facilities at The Public

Health Research Institute of the City of New York and The
Los Alamos Sequence Analysis Center were used.

RESULTS
Determination of the nucleotide sequence. The strategy for

sequencing the cDNA fragments F90 and F84 (27) by the
chemical cleavage method of Maxam and Gilbert (22) is
presented in Fig. 1 (see above). The entire sequence of the
small RNA segment was determined. Approximately 97% of
the sequence was determined on both strands. The nucleo-
tide sequence is presented in Fig. 2. Segment S is 2,948 bp,
which corresponds well with the reported size of 3.1 kb (37).
The G + C content of segment S was 55%.

Iba et al. (17) have reported the terminal sequence of the
three 4)6 segments. F90 was found to contain the 5' (plus
strand sense) terminal sequence, preceded by a 27-bp
deoxyguanosine tail which was added during the cDNA
cloning (27). F90 was missing 143 bp at the 3' terminus of
segment S (Fig. 1). Clone F84 contained the 3'-terminal
sequence, followed by a stretch of 12 deoxyadenosine and 10
deoxyguanosine residues which were added during the clon-
ing procedure. F84 was missing approximately 700 bp at the
5' end (Fig. 1). Fragments F90 and F84 therefore constitute
a complete copy of the small segment. All the reported
sequence was derived from F90, except for 143 bp at the 3'
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FIG. 1. Sequencing strategy of segment S cDNA clones. Left to right above the center line represents the sequence derived in the 5' to

3' direction from the plus strand; right to left above the center line represents the sequence derived from the plus strand in the 3' to 5' direction
(fragments were 3' end labeled). Below the center line, right to left is 5' to 3' on the minus strand. The tails of the arrows mark the labeling
sites, and the length of the arrows represents the approximate sequence data read from each labeling. The majority of sequence information
was derived from PvuII subclones in pUC8. In these cases the arrows are marked as originating from the PvuII sites, although the actual
labeling sites were within the vector sequences. The sequence contained within the two cDNA clones pLMF90 and pLMF84 (F90 and F84)
are shown below the sequencing strategy. pLMF90 contains all the sequence of segment S except for the 3'-terminal 143 base pairs. This
information is contained in pLMF84. Only those restriction sites used in sequencing are shown: C, ClaI; D, DdeI; E, EcoRV; P, PvuII; S,
Sall.

terminus which were determined from fragment F84. The
ORFs of the four proteins of the small segment were
identified. Each gene will be discussed separately.

P8, the major nucleocapsid protein. Protein P8 forms the
surface on which the 46 membrane is eventually assembled.
The ORF coding for P8 began with an AUG at nucleotide 305
(N305) and terminated with a UAA at N752 (Fig. 2). Preced-
ing the AUG codon by 8 bp was the sequence AAGGA,
which is capable of base pairing to the 3' terminus of the 16S
RNA of the host pseudomonads of +6 (52) and therefore is
considered to be a Shine-Dalgarno (SD) sequence (38). The
N-terminal sequence of purified P8 (44 amino acids) was
determined by automated Edman degradation (Fig. 2). This
result confirmed the reading frame assignment. This reading
frame coded for a protein of 16,000 daltons (Da). Values of
10,500 Da (42) and 14,000 Da (49) were assigned to P8 by
virtue of its migration in sodium dodecyl sulfate (SDS)-
polyacrylamide gels.

P12, the morphogenetic protein. Protein P12 was the only
+6 protein not found in the virion. It plays an essential role
in the formation of the viral membrane (21, 40). The ORF
assigned to protein P12 began at N754 with an AUG codon
and terminated at N1339 with a UAA codon (Fig. 2). This
reading frame was assigned to P12 because it directly follows
gene 8 and codes for a protein of the proper size (20,300 Da),
compared with the size determined by SDS-polyacrylamide
gel electrophoresis (PAGE) of 20,000 Da (42). This was the
only ORF that directly followed gene 8 and had the proper
size. Protein P12 was not purified, therefore precluding
N-terminal amino acid sequence confirmation of this ORF
assignment.
The condition that gene 12 must follow gene 8 was

imposed because of the translational coupling of gene 12 to
gene 8 (40). We found that these genes overlapped. The
UAA termination codon of P8 overlapped with the AUG
initiation codon of P12 (UAAUG). This construction alone
was not sufficient to account for the translational coupling of
these genes.

There was a purine-rich sequence (GGGA) 11 bp 5' to the
initiation codon of gene 12. This sequence could possibly
serve as a ribosomal binding site (SD sequence); however, it
would be a poor one, both in sequence and in its position
relative to that of the initiation codon (47).
The possible mRNA secondary structures of the gene

8-gene 12 region were investigated by using the secondary
structure algorithm of Zucker and Stiegler (54). No second-
ary structures which could be invoked to explain the trans-
lational coupling were found. A model to explain the trans-
lational coupling of these genes is presented below.

P9, the major membrane protein. P9, along with three
other phage proteins and phospholipids, constitutes the
phage envelope. P9 is the major phage membrane protein (7),
and it is essential for viral membrane assembly (29). The
ORF coding for P9 began with an AUG at N1341 and
terminated with a UAA at N1611 (Fig. 2). The N-terminal
sequence (66 amino acids) of purified P9 confirmed the
reading frame assignment (Fig. 2). Also, the predicted amino
acid composition was consistent with that previously calcu-
lated by Sinclair et al. (42). The size of P9 predicted by the
sequence is 9,600 Da. The values reported previously were
12,600 Da (49) and 8,700 Da (42).
Gene 9 overlapped with gene 12 exactly as gene 12 did

with gene 8 (UAAUG). Preceding the AUG codon by 9 bp
was an SD sequence identical to the one which preceded
gene 8 (Fig. 2). There was no coupling of the translation of
gene 9 to that of gene 8 or 12, as mutations in P8 or P12 do
not affect the level of P9 that is made (40).

P5, the phage lysozyme. Protein P5 is a phage-encoded
lysozyme. P5 is found in the virion; it has been shown to be
involved in both phage penetration and host cell lysis (26).
The molecular mass of P5, as calculated by SDS-PAGE, is
24,000 Da. The synthesis of P5 is closely associated with the
synthesis of another virion protein (P11) which has an
apparent molecular mass of 25,000 Da. Nonsense mutations
which block the synthesis of one also block the synthesis of
the other (40). Mutations which alter the migration (SDS-
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GGAAAAAACTTTATATAACTCTTATATAAGTGCCCTTAGCGGGGCTCCCCGGCTACGGTCGGATCCCTACGGGGAGGATAGGGTGAAMCCCCTAGTG

CAGCTGACACTCATACCTCCCAAGGTCCATGAGTCGACGCAMGGTCCTCGAAAGCATGTTGTCCTTTCGTACAACCGAGTAGGTTCGTTGCCTTAAT

SD:P8
TGGTGACGCTTGCAGGATGAGGATGGTCCCGACGCCTAACGGACCTTGCTGCCTTCTTTCCCTGGATTGGCGGTGTTGTTCCCACTMAATAMTMA

99

198

297

TACGCAC ATG TTG CTG CCT GTA GTA GCC CGT GCG GCC GTC CCT GCT ATT GAG AGT GCC ATT GCG GCT ACT CCT GGC 373
P8: Met Leu Leu Pro Val Val Ala ACg Ala Ala Val Pro Ala Ile Glu Ser Ala Ile Ala Ala Thr Pro G1y

CTG GTT TCC CGA ATC GCA GCC GCG ATC GGT TCC AAG GTC AGC CCT TCC GCC ATT TTh GCG GCG GTC AAG AGC AAC 448
Leu Val Ser Ari Ile Ala Ala Ala Ile GlySer Lys Val Ser Pro Ser Ala Ile Leu Ala Ala Val Lys Ser Asn

CCG GTC GTC GCA GGT CTG ACA CTC GCT CAG ATC GGA AGC ACC GGT TAT GAC GCC TAT CAG CAG CTT CTG GAG AAT 523
Pro Val Val Ala Gly Leu Thr Leu Ala Gln Ile Gly Ser Thr Gly Tyr Asp Ala Tyr Gln Gln Leu Leu Glu Asn

CAT CCA GAG GTC GCC GAG ATG CTG AM GAC CTG TCT TTC AAA GCC GAC GAA ATC CAG CCG GAT TTC ATC GGT AAC 598
His Pro Glu Val Ala Glu Met Leu Lys Asp Leu Ser Phe Lys Ala Asp Glu Ile Gln Pro Asp Phe Ile Gly Asn

CTC GGT CAG TAC CGC GAA GAG CTG GAA CTG GTC GM GAT GCT GCC CGC TTC GTG GGC GGC ATG TCG MC CTG ATT 673
Leu Gly Gln Tyr Arg Glu Glu Leu Glu Leu Val Glu Asp Ala Ala Arg Phe Val Gly Gly Met Ser Asn Leu Ile

CGC CTG CGC CAG GCC CTG GAG CTT GAT ATC AAG TAC TAC GGC CTG AM ATG CAG CTG AAT GAC ATG GGA TAC CGC 748
Arg Leu Arg Gln Ala Leu Glu Leu Asp Ile Lys Tyr Tyr Gly Leu Lys Met Gln Leu Asn Asp Met Gly Tyr Arg

TCG TAATG GTT ATC GGT CTC CTG MG TAT CTC ACG CCT GCC GTT AAG GTG CAG ATG GCT GCT CGC GCG TTG GGC 822
Ser ***

P12:Met Val Ile Gly Leu Leu Lys Tyr Leu Thr Pro Ala Val Lys Val Gln Met Ala Ala Arg Ala Leu Gly

CTG TCC CCC GCC GAA GTC GCT GCA ATT GAC GGC ACG TTG GGT CGT GTC TCT GCG ATG CCA GCG GTC GCG GTC GTG 897
Leu Ser Pro Ala Glu Val Ala Ala Ile Asp Gly Thr Leu Gly Arg Val Ser Ala Met Pro Ala Val Ala Val Val

CTG GGA GGG AM CCT CTC TCT CTG GCC ACG ATC GCG TCA GTT GTG TCT GAT GCA MC CCC AGT GCC ACT GTT GGC 972
Leu Gly Gly Lys Pro Leu Ser Leu Ala Thr Ile Ala Ser Val Val Ser Asp Ala Asn Pro Ser Ala Thr Val Gly

GCG CTT ATG CCT GCT GTA CAG GGC ATG GTG AGT TCC GAC GM GGC GCG AGT GCG TTG GCT AAG ACC GiG GTA GGC 1047
Ala Leu Met Pro Ala Val Gln Gly Met Val Ser Ser Asp Glu Gly Ala Ser Ala Leu Ala Lys Thr Val Val Gly

TTC ATG GAG TCC GAC CCC AAC AGC GAT GTC CTG GTT CM CTG CTC CAC MG GTG TCA MC TTG CCG ATT GTC GGC 1122
Phe Met Glu Ser Asp Pro Asn Ser Asp Val Leu Val Gln Leu Leu His Lys Val Ser Asn Leu Pro Ile Val Gly

TTT GGT GAC ACG CAG TAT GCA GAC CCA GCT GAC TTC TTG GCC MG GGA GTT TTC CCT CTG ATC AGG MG CCA GM 1197
Phe Gly Asp Thr Gln Tyr Ala Asp Pro Ala Asp Phe Leu Ala Lys Gly Val Phe Pro Leu Ile Arg Lys Pro Glu

GTA GAG GTT CM GCT GCG CCT TTC ACC TGT CGT CAG TGT GAT CAT GTT GAT CAC ATC ACT GAT GTA CCT CM ACT 1272
Val Glu Val Gln Ala Ala Pro Phe Thr Cys Arg Gln Cys Asp His Val Asp His Ile Thr Asp Val Pro Gln Thr

SD:P9
TCG ACC TUT GTT CAC AM TGC ACT TCG TGC GGC TTT GTG CAG ATG GTC CAC CGT MG GAT GTT CCG TMTG CCA 1346
Ser Thr Phe Val His Lys Cys Thr Ser Cys Gly Phe Val Gln Met Val His Arg Lys Asp Val Pro ***

P9: Met Pro

TTT CCT CTG GTA MG CM GAC CCA ACC TCG MG GCT TTC ACT GAA GCC AGT GM CGC TCC ACC GGC ACC CAG ATC 1421
Phe Pro Leu Val Lys Gin Asp Pro Thr Ser Lys Ala Phe Thr Glu Ala Ser Glu Arg Ser Thr Gly Thr Gln Ile

CTG GAC GTC GTC MG GCC CCT ATC GGC CTG TTC GGC GAC GAT GCC AAA CAC GAG TTC GTG ACC CGT CAG GM CM 1496
Leu Asp Val Val Lys Ala Pro Ile Gly Leu Phe Gly Asp Asp Ala Lys His Glu Phe Val Thr Arg Gln Glu Gln

GCC GTC TCC GTC GTC AGC TGG GCA GTT GCT GCC GGT CTG ATC GGC GAG CTG ATC GGC TAC CGT GGT GCG CGT TCG 1571
Ala Val Ser Val Val Ser Trp Ala Val Ala Ala Gly Leu Ile Gly Glu Leu Ile Gly Tyr Arg Gly Ala Arg Ser

. +~ ~ ~ ~ ~~~~~~~~+++
GGT CGC AM GCG ATC CTG GCC MC ATC CCT TTT CTG GCC TM CTCCTC GTG TCC MG GAT AGC GCC TTC GCA GTG 1646
Gly Arg Lys Ala Ile Leu Ala Asn Ile Pro Phe Leu Ala *** P5: Val Ser Lys Asp Ser Ala Phe Ala Val

CAA TAC TCG CTG CGC GCC CTG GGA CM MG GTG CGG GCA GAC G6G GTA GTG GGC TCT GAG ACC CGT GCC GCG CiG 1721
Gln Tyr Ser Leu Arg Ala Leu Gly Gln Lys Val Arg Ala Asp Gly Val Val Gly Ser Glu Thr Arg Ala Ala Leu

GAT GCG CTG CCC GAG MT CAG MG AM GCG ATT GTA GAG TTG CM GCA CTC CTA CCG AM GCA CAG TCG GTC GGC 1796
Asp Ala Leu Pro Glu Asn Gln Lys Lys Ala Ile Val Glu Leu Gln Ala Leu Leu Pro Lys Ala Gln Ser Val Gly

MC MC CGT GTG AGG TTC ACA ACA GCT GAA GTC GAC TCG GCG GTG GCG CGG ATC TCG CAA AAG ATA GGT GTT CCG 1871
Asn Asn Arg Val Arg Phe Thr Thr Ala Glu Val Asp Ser Ala Val Ala Arg Ile Ser Gln Lys Ile Gly Val Pro

GCT TCC TAC TAC CAG TTC CTG ATT CCG ATC GAG MC TTC GTG GTG GCC GGT GGT TTC GAA ACC ACC GTU TCT GGT 1946
Ala Ser Tyr Tyr Gln Phe Leu Ile Pro Ile Glu Asn Phe Val Val Ala Gly Gly Phe Glu Thr Thr Val Ser Gly

TCC TTC CGT GGG TTG GGC CAG TTC MC CGG CAG ACG TGG GAT AGA CTC CGT CGT TTA GGC CGT MC CTT CCT GCA 2021
Ser Phe Arg Gly Leu Gly Gln Phe Asn Arg Gln Thr Trp Asp Arg Leu Arg Arg Leu Gly Arg Asn Leu Pro Ala

TTT GAG GAG GGT TCG GCA CAA CTG MC GCT TCT CTT TAT GCA ATC GGG UTC TTG TAT CTT GAG MC AAG AGA GCG 2096
Phe Glu Glu Gly Ser Ala Gln Leu Asn Ala Ser Leu Tyr Ala Ile Gly Phe Leu Tyr Leu Glu Asn Lys Arg Ala

TAC GAG GCG TCG TTC AM GGC CGC GTT TTC ACT CAC GM ATC GCG TAT TTG TAT CAC MC CAA GGC GCT CCA GCT 2171
Tyr Glu Ala Ser Phe Lys Gly Arg Val Phe Thr His Glu Ile Ala Tyr Leu Tyr His Asn Gln Gly Ala Pro Ala

GCC GM CAG TAC CTG ACT TCG GGT CGG CTC GTT TAC CCG MG CAA AGC GAG GCC GCT GTC GCG GCG GT6 GCG GCT 2246
Ala Glu Gln Tyr Leu Thr Ser Gly Arg Leu Val Tyr Pro Lys Gln Ser Glu Ala Ala Val Ala Ala Val Ala Ala

GCG AGA AAC CAG CAT GTC AM GAG AGT TGG GCT TAG CCCTGAACTGCATCGTGMCTGMAATGTTCCCAGATGTCACGAAGGGTGG 2333
Ala Arg Asn Gln His Val Lys Glu Ser Trp Ala ***

CACGTTCGACATMCCATCCGGTCGACTACCGAGAACGGTGCTTTTTGGGCGAACTACGAAGGTAGMCGTCCTTGGTCACCGTCCCGGACGTGAAGAC 2432

AGCTATCGAGTTTTTGATTAMCTCTGCCGTCGACACMAGTTGTCCMTCAGGTGMCACGCGAACGCTTCTCCGCGATTTGCAACGMACGTTGCAGGA 2531

ATGTGAATGCCAGTCTCATCATGTGCCGTTGTCCAGCCCCTTCATGCATCTCAGATTTGCGTAAAGCTGATCGGMGCTATGMAGTAAGCTGAGCGAC 2630

ACGGMGTTATTGAAGCAGCTATCMGCTCTCATAGGCTTGGAAAGCCCGGCATCGATGTCGTTCCATGTCGCGCCAGACGCGGCCACCGATATGTATC 2729

TTGATCTGATCGAATCTACTCCCCGTCGTCAGTCGGGATACATCTCGTCCTGCCATMGCGCTGTCTGTAGCGTGCATAMACAGATAGATCGCCTTTT 2828

TAGGTMCCGCGGATTGATCACCGTTCCGAGCTTGCTTGGATAMCAAGTCCTTGTATAACAAGGCGAGACTCACTATGTGAGCGTCCAATAGGACGGC 2927

CCCTTCGGGGGCTCTCTCTCT 2948

FIG. 2. cDNA nucleotide sequence of 4)6 segment S. The sequence is that of the plus strand. The translation products of the four genes
are shown. The underlined amino acids of P8 and P9 have been determined by N-terminal amino acid sequence analysis. SD sequences
preceding genes 8 and 9 are indicated. Symbols: ***, termination codons of the four ORFs; ++ +, two possible initiation sites of P5(P11).
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TABLE 1. Nucleotide differences between cDNA clone and
mRNA of selected regions of +6 segment S

Nucleotide in: Predicted amino
Position Position acid in:

cDNA RNA cDNA RNA

1604 T C Codon 87 of P9 Phe Phe
1643 A G Codon 8 of P5(P11) Ala Ala
1801 A G Codon 61 of P5(P11) Asn Ser
1877 C T Codon 86 of P5(P11) Ser Ser
1989 A G Codon 124 of P5(P11) Arg Gly

PAGE) of one also alter the migration of the other by an
equivalent amount (29). Furthermore, results of radioactive
amino acid incorporation studies have demonstrated that P5
and P11 do not contain methionine or cysteine (42; unpub-
lished data). We believe that these two proteins are products
of the same ORF.

Proteins P5 and P11 could result from translation initiation
or termination at two different sites within the same ORF, or
as a result of protein modification, for example, processing
or a charge change due to derivatization of an amino acid. A
precursor-product relationship between P11 and P5 is not
observed in vivo (42). It is of interest to note that P11 is
synthesized in vitro, whereas almost no P5 is made (27).
Regardless of the relationship between these proteins, P11 is
not an essential protein for the virus. In an alternative host
for 46, P. pseudoalcaligenes, only P5 is made (40).
The synthesis of P5 and P11 [referred to as P5(P11), in

which no distinction is made between the two peptides] is
translationally coupled to the synthesis of P9. Nonsense
mutations in P9 are completely polar on P5(P11) (40). Be-
cause of the translational polarity between P9 and P5(P11),
we propose that the ORF for P5(P11) should be located 3' to
gene 9. An ORF of 220 amino acids directly followed the
termination of gene 9, from N1614 to UGA at N2280 (Fig. 2).
This was the only reading frame following P9 of the proper
size which did not contain methionine or cysteine. The
assignment of the exact translation initiation site is tentative.
There are two candidates for translation initiation: GUG at
N1620 and GUG at N1644. Initiation at the former would
result in a protein of 23,300 Da, and initiation at the latter
would result in a protein of 24,000 Da. Neither P5 nor P11
was purified; therefore, the amino acid sequence could not
be used for confirmation of the ORF assignment. Neither of
these initiation codons was preceded by properly positioned
SD sequences. The GUG at N1620 was not preceded by a
recognizable SD sequence. Preceding the GUG at N1644 by
13 bp was the sequence AAGGA, which was identical to the
SD sequences preceding genes 8 and 9. This sequence is not
ideally spaced to serve as a good SD sequence (47).
The possible mRNA secondary structures of the gene

9-gene 5(11) region were investigated by using the secondary
structure algorithm of Zucker and Stiegler (54). As was the
case with genes 8 and 12, we did not find any secondary
structures which could be invoked to explain the transla-
tional coupling. A model to explain the translational coupling
of these genes is presented below.
A comparison of the amino acid sequence predicted by

this ORF to those of some of the other known lysozymes did
not reveal any sequence similarities. This result was not
surprising. The lysozymes of hen egg white, bacteriophage
T4, and Embden goose have similar structures without
detectable amino acid sequence similarity (14).

Dideoxy RNA sequence. Selected regions of segment S
were sequenced with mRNA template, dideoxynucleotides,
and avian myeloblastosis virus reverse transcriptase. A total
of 680 bp were sequenced from three primers (see above).
We found five single nucleotide differences between the
RNA and cDNA sequences (Table 1). All changes were
transitions. Two of these resulted in amino acid changes
within P5(P11) coding sequences. Neither of these changes
detectably altered the activity of P5(P11), because we have
established that the cloned gene is biologically active (27).
This limited analysis suggests an error rate of 7 x 10-3,
which is consistent with the predicted reverse transcriptase
error rate of 10-3 (13). A further source of error was the
possible heterogeneity of the single-stranded RNA popula-
tion (as synthesized by +6 replicase) which was used as
template for the synthesis of the cDNA clones (27).
Other possible ORFs. The previously discussed genes are

the only known genes of the small segment. To search for
other possible proteins that code for ORFs, two algorithms
were employed. The TESTCODE program identifies possi-
ble coding regions based on nucleotide periodicity differ-
ences between coding and noncoding ORFs and is indepen-
dent of codon usage (10). This program predicted six
possible coding frames with lengths greater than 50 amino
acids. Included in this set were the genes discussed above.
Of the other two possible ORFs only one was not completely
contained within sequences assigned to the known genes.
This ORF began at AUG at N2290 and terminated 111 amino
acids later at UAA at N2593. This ORF overlapped with the
terminal 20 bp of gene 5(11). There was no evidence for the
product of this ORF.
The PERCEPTRON algorithm discriminates between

coding and noncoding frames by searching for translation
initiation signals (including ribosomal binding sites) within a
predetermined region surrounding the beginning of an ORF
(46). The PERCEPTRON algorithm, which examined re-
gions of both 101 and 71 nucleotides in length, identified the
coding frames assigned to genes 8 and 9. These were the only
ORFs greater than 50 amino acids identified by this program.
This result suggests that the ORFs of P12 and P5(P11) are not
preceded by good ribosomal binding sites, which is consis-
tent with our visual inspection of the regions 5' to these
genes. The +6 genes are faithfully translated by E. coli
ribosomes, thereby supporting the use of E. coli initiation
signals as a guide for identifying the +6 ORFs (6, 9, 27).
Codon usage. The codon usage of 46 appeared to follow

most of the trends observed in the other procaryotic orga-
nisms that have been studied (31). A distinct preference for
leu codon CUG is found in the +6 genes. A similar prefer-
ence is seen in the enterobacteria but not in the bacterio-
phages.
There were no codon usage differences among the genes of

segment S. This is an important observation in the context of
understanding translational regulation because a possible
mechanism for control could be the frequency with which
codons that correspond to rare tRNA species are used (18,
19).
Gene organization. The genes of 4+6 are tightly packed, as

has been found in other bacteriophages (8, 34). Three of the
four genes of segment S overlap: genes 8-12-9. In both cases
the region of overlap has the same construction: UAAUG.
As discussed above, the exact initiation site for P5(P11) was
not identified, but the ORF which contains this gene begins
immediately after the termination of gene 9. The 5'-terminal
300 bp and the 3'-terminal 600 bp do not code for any of the
known proteins. The question must then be raised as to what
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function these noncoding sequences are serving. The most
obvious function would be an involvement in replication and
genome packaging. The mRNA and the dsRNA genomic
form of 4)6 are synthesized by the phage replicase (20, 41).
The terminal noncoding sequences could provide the signals
for packaging, replicase recognition, and regulation of tran-
scription.

Translational regulation. There are two aspects of transla-
tional regulation of the genes of segment S. The first is the
previously discussed translational coupling of genes 8-12 and
9-5(11). The second is that the products of these genes are
not made in equimolar amounts, as approximately 10-fold
more P8 and P9 are made than P12 and P5(P11) (42). It is
clear that regulation must be at the level of translation,
because one polycistronic mRNA (single-stranded RNA)
molecule is made from this segment, and none of the
nonsense mutants result in truncated segment S single-
stranded RNA molecules (41). Furthermore, there is no
polarity between genes 8 and 9, which would be expected if
the 8-12 polarity was a transcriptional coupling.
A model to account for the translational couplings is based

on the lack of properly positioned SD sequences preceding
the ORFs assigned to P12 and P5(P11). Both visual inspec-
tion of the sequences 5' to these genes and the
PERCEPITRON algorithm analysis support this proposal. It
is proposed that ribosomes do not bind de novo to the
mRNA at the initiation regions of genes 12 and 5(11); only
those ribosomes which are already bound to the mRNA can
translate these genes. Thus, translation of the upstream
genes 8 and 9 provides a method of delivering ribosomes to
genes 12 and 5(11), respectively. In the case of genes 8 and
12, the overlapping termination-initiation codons provide a
method for delivery of ribosomes to the initiation codon of
gene 12. Genes 9 and 5(11) do not overlap; the ORF for gene
5(11) begins either 6 or 30 bp from the termination codon of
gene 9. In this case the ribosomes that terminate gene 9
translation are not delivered to the initiation codon of gene
5(11) but to the vicinity of gene 5(11) initiation. Premature
termination of gene 8 or gene 9 translation would not allow
ribosomes to contact the initiation regions of gene 12 or gene
5(11), thereby accounting for the observed polarity.

This model requires that a fraction of the ribosomes (or
possibly their 30S subunits) remains associated with the
mRNA after the termination of translation of the preceding
gene. It is anticipated that the majority of these ribosomes
would be released from the mRNA and thus that translation
via reinitiation would be less efficient than translation pro-
ceeding by de novo ribosome binding. The relative amounts
of the proteins made are consistent with this prediction.
Another possibility to account for the translational cou-

pling of these genes is that the products of genes 8 and 9
interact with the mRNA to activate the translation of genes
12 and 5(11), respectively. To eliminate this possibility for
the 8-12 coupling, two constructs were made in which gene
8 sequences were removed, leaving gene 12 intact.

In deleting the gene 8 sequences, it was necessary, in the
conceptual construct of the proposed model for the transla-
tional coupling, to supply some method of ribosomal deliv-
ery to the start of gene 12. In accordance with this require-
ment, translation of the lacZ' peptide of pUC8 was used to
deliver ribosomes to gene 12 in the absence of gene 8
sequences. The 3.1-kb Scal fragment of cDNA fragment F90
was ligated to the 1.7-kb Scal-SmaI fragment of pUC8 (Fig.
3A). In this construct, designated pTM248, the C-terminal 14
amino acids of gene 8 were fused in frame to the N-terminal
7 amino acids of the lacZ' peptide of pUC8 (Fig. 4A). The

integrity of this construct was confirmed by sequence anal-
ysis (see above). In pTM248 ribosomes are delivered to gene
12 by the de novo binding of the mRNA at the ribosomal
binding site of the lacZ' peptide, followed by translation of a
21-amino-acid peptide, the last 14 amino acids of which are
the C-terminal amino acids of P8. Thus, in this construct
ribosomes terminate translation at the same position relative
to that of the gene 12 initiation codon, as in the wild-type
construct (Fig. 4A), the difference being that in pTM248 all
but the C-terminal 14 amino acids of P8 have been deleted.
Plasmid pTM248 was used to program an E. coli cell-free,
coupled transcription-translation system. This clone di-
rected the synthesis of P12 in the absence of P8 (Fig. 4B,
lane E). Plasmid pTM248 also contained intact sequences of
genes 9 and 5(11), both of which were synthesized by
pTM248 in vitro (Fig. 4B, lane E). As mentioned above, P11
was synthesized in the in vitro system and P5 was not. The
P11 band was not visible in this exposure of the gel.
Although the results of these in vitro experiments are not
quantitative, pTM248 appears to synthesize P12 in vitro in
amounts equivalent to that of the wild-type construct (com-
pare the ratio of P12 to P9 in lanes D and E, Fig. 4B).
We inserted the lacZ-polylinker region of pUC8 into

plasmid RSF1010 (27). This plasmid, designated pLM254,
can be propagated in the host of 46, P. phaseolicola. We
have shown that 46 genes cloned into pLM254 (carried in P.
phaseolicola) can complement 46 mutations, thereby estab-
lishing the biological activity of the cloned genes (27). DNA
fragments cloned into the polylinker region of pLM254 have
the same structure relative to that of the lacZ peptide as in
the pUC8 clones.
The result with pTM248 presented above establishes that

P12 can be translated by an E. coli in vitro system in the
absence of P8. To confirm that pTM248 makes biologically
active P12 in the absence of cis P8, the pTM248 insert was
transferred to pLM254. The 2,108-bp EcoRT (the site in the
vector polylinker region)-PstI insert of pTM248 was cloned
into EcoRI-PstT-cut pLM254. This clone was designated
pTM260. Plasmid pLM254 contains the lacZ'-polylinker
cloning region of pUC8; therefore, in pTM260 gene 12 has
the same structure, relative to the lacZ' gene, as in pTM248.
P. phaseolicola with plasmid pTM260 complemented P12
mutations with an efficiency of plating of 1 and, as expected,
did not complement P8 mutations. Therefore, P8 is not
required for the in vivo or in vitro synthesis of P12. Plasmid
pTM260 also complemented mutations in P9 and P5(P11)
with the same efficiency of plating as the wild-type construct
(27).
To probe whether the overlap of gene 8 termination and

gene 12 initiation codons is required for translation of gene
12, a construct was made in which gene 8 sequences were
deleted and the lacZ' peptide was used for the delivery of
ribosomes to gene 12, as in pTM248. However, in this
construct ribosomes were not delivered to the AUG codon
of P12 but 18 bp 5' to it. The 4.8-kb EcoRV-Smal fragment
of cDNA fragment F90 was religated to itself (Fig. 3B). In
this construct, designated pTM249, sequences 56 bp 5' to the
initiation codon of gene 12 were fused to the SmaI site of
pUC8. The integrity of this construct was confirmed by
sequence analysis (see above). In pTM249 the coding se-
quences for the N-terminal seven amino acids of the lacZ'
peptide were fused to a reading frame that terminated 18 bp
5' to gene 12 at UGA at N733 (Fig. 4A). In this construct,
ribosomes bound to the mRNA at the SD sequence of lacZ'
and translated a 17-amino-acid fusion peptide. Ribosomes
were not delivered directly to the initiation region of P12, as
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FIG. 3. Construction of two gene 8 deletion plasmids, pTM248 and pTM249. (A) The 3.1-kb ScaI fragment of pTM202 was ligated to the
1.7-kb SmaI-ScaI fragment of pUC8. This plasmid was designated pTM248. Cutting of both ScaI and SmaI resulted in blunt-ended DNA
fragments; therefore, these ends could be joined by blunt-end ligation. The SmaI and ScaI sites with slashes are shown for orientational
purposes only; the ligation does not re-form these sites. The integrity of the Smal-Scal junction was confirmed by sequence analysis (see
text). (B) The 4.8-kb EcoRV-SmaI fragment of pTM202 was religated to itself. As indicated for panel A, both EcoRV and SmaI cutting
resulted in blunt-ended DNA; therefore, these sites could be fused by blunt-end ligation. Sequence analysis confirmed the integrity of the
EcoRV-SmaI junction. The SmaI and EcoRV sites with slashes are shown for orientational purposes only because these sites were not
re-formed in the ligation. The integrity of the SmaI EcoRV junction was confirmed by sequence analysis (see text). In both panels the arrows
indicate the direction of transcription from the lac promoter. The sites marked with slashes were destroyed in the construction process.

in the case of the wild-type construct and pTM248, but 18 bp
5' to it. In the cell-free, coupled transcription-translation
system this clone directed the synthesis of P12 in amounts
equivalent to that of the wild-type construct (compare the
ratio of P12 to P9 in lanes D and F, Fig. 4B).
The 1,133-bp EcoRI (the site in the vector polylinker

region)-PstI insert of pTM249 was transferred to pLM254.
This construct, designated pTM261, when carried in P.
phaseolicola, complements P12 mutations with an efficiency

of plating of 1. Therefore, the requirement for the initiation
of gene 12 translation in vivo and in vitro is the delivery of
ribosomes to the vicinity of the start of gene 12, and the
overlap of gene 8 termination and gene 12 initiation codons
probably reflects a maximal use of sequence information.
This result is consistent with the coupling of genes 9 and
5(11), in which there is no overlap of sequences.
Having established that the synthesis of P12 could be

uncoupled from that of P8, it was possible to further confirm
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DISCUSSION

The complete nucleotide sequence of dsRN

bacteriophage of6was determined. The ORFs

to the small segment proteins were assigned.
P9 is an intrinsic membrane protein; its rei

pTM202 8+12+ 8+12+
9+5(1 1)+ 9+5(l11'

pTM248 8i12+ 812+
9+5(11)+ 9+5(11

pTM249 8-12 8 12+
* 9+5(11

FIG. 4. Translation initiation in gene 8 deletion constructs
pTM248 and pTM249. (A) Below the schematic illustrations of the
wild-type (pTM202) and the gene 8 deletion constructs (pTM248 and
pTM249), the nucleotide sequence of the gene 8-gene 12 overlap
region is shown. In pTM202 the sequences coding for the C-terminal
18 amino acids (aa) of P8 and the first two amino acids of P12 are
shown. Translation termination (ter) sites are indicated (***). In the
deletion constructs, sequences of the lacZ' region are designated
with lowercase letters. In both pTM248 and pTM249 a histidine
codon was created at the fusion site. In vitro phenotypes were

- (24K) determined by in vitro translation (see panel B). In vivo phenotypes
P5 were determined by using the in vivo complementation test (27). For

the complementation test the EcoRl-PstI insert fragments of
pTM248 and pTM249 were transferred to pLM254, in which they
have the same structure, relative to the lacZ' peptide, as in the

-P12 (20K) pUC8 constructs shown. Complementation of the wild-type con-
struct was performed with the complete segment S cDNA clone
pLM279 (27). The sites marked with slashes were destroyed in the
construction process. (B) Autoradiogram of a 10 to 20% linear

-P8(16K) SDS-polyacrylamide gel of the E. coli in vitro-coupled, transcrip-
tion-translation products of the following: translation system blank,

-P9(9K) no added DNA (lane A); pUC8 (lane B); 46 in vivo-labeled protein
standard pattern (lanes C and H); pTM202, a clone containing genes
8, 12, 9, and 5(11) (lane D); pTM248, a clone containing genes 12, 9,

entally support and 5(11) (lane E); pTM249, a clone containing genes 12, 9, and 5(11)
-XmnI (N1376; (lane F); pTM265, a clone containing gene 12 (lane G). On this

ent of pTM248 exposure the P11 band of pTM202, pTM248, and pTM249 is not
subcloned into visible. As has been previously described (27), almost no P5 is made
did not contain in vitro. K, Molecular mass, in kilodaltons.

hat were longer
ne, designated
2 (Fig. 4B, lane phage envelope requires treatment with 1% Triton X-100.
ure, relative to Protease digestion of the intact virion (45) indicates that P9
the P12 ORF does not span the lipid bilayer. These results are consistent

with the iodination studies of Van Etten et al. (49). In light of
these results, it is not surprising that P9 does not contain a
signal sequence. The N-terminal amino acid sequence of P9

A segment S of revealed that only the initiating fMet is removed during
corresponding maturation. This reading frame is closed four codons 5' to

this AUG, precluding the possibility of translational initia-
moval from the tion at a distal codon followed by protein processing to give
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the N-terminal Pro found in mature P9 (Fig. 2). Furthermore,
the N-terminal amino acid sequence of P9, containing many
charged amino acids, does not resemble a signal sequence
(39). In P9 there is a stretch of 16 noncharged amino acids
(amino acids 51 to 66; Fig. 2) which is flanked by Glu to the
N-terminal and C-terminal sides. The polar amino acid Gln
appears twice within this region. Little is known about how
proteins, which insert into only one face of the bilayer, are
delivered to the membrane. It has been proposed that
hydrophobic stretches of amino acids could direct these
proteins to interact with the membrane (4). The stretch of
hydrophobic amino acids in P9, therefore, could be involved
in directing or anchoring P9 to the membrane.

It is proposed that the translational coupling of the genes
of the small RNA segment, as well as the nonequimolar
synthesis of these proteins, results from an inability of
ribosomes to bind de novo the initiation regions of P12 and
P5(P11). This proposal is based on the lack of good SD
sequences 5' to these genes. Translation of the upstream
genes P8 and P9 provides a method for the delivery of
ribosomes to the initiation regions of P12 and P5(P11),
respectively. The lower levels of P12 and P5(P11) synthe-
sized, with respect to those of P8 and P9, reflect the
inefficiency of the ribosomal reinitiation event relative to de
novo ribosomal binding.
The synthesis of P12 has been uncoupled from that of P8

in a manner that maintains ribosome delivery to the initiation
region of gene 12. Furthermore, it has been shown that
ribosomal delivery to the AUG codon of gene 12 is not a
strict requirement for initiation of gene 12 translation.
Rather, ribosomes delivered to within 17 bp of the AUG
codon are capable of directing wild-type levels of P12
synthesis.
The question remains as to why ribosomes are not able to

bind productively to gene 12. There is a purine-rich se-
quence, GGGA, preceding gene 12 which is capable of base
pairing to the 3' end of 16S RNA. This sequence is 11 bp
from the initiating codon of gene 12 and therefore is not
properly spaced to serve as a good SD sequence. However,
there are examples of putative SD sequences which are more
poorly spaced than the polypurine stretch preceding gene 12
(47). Furthermore, although the presence and spacing of an
SD sequence is involved in controlling translation initiation,
the exact relationship between these features and the level of
initiation are ill defined (12).
Although the secondary structure of the 8-12 overlap

region predicted by the algorithm described by Zucker and
Stiegler (54) is not typical of those structures found to be
involved in translational coupling (15), this is not a
structureless region. It is possible that the polypurine stretch
preceding gene 12 can serve as an SD sequence for de novo
ribosomal binding and that mRNA secondary structure is
involved in the coupling. The lower expression of gene 12,
relative to that of gene 8, could be a result of the relatively
poor gene 12 SD sequence. However, the simplest explana-
tion for our results is that, in both P12 and P5(11), initiation
of translation is due to ribosomes that arrive near the
initiating codon through their involvement in the synthesis of
the preceding gene products P8 and P9, respectively.

Translation reinitiation after premature termination at
nonsense codons has been documented in lacI, lacZ, and
bacteriophage T4 rIIB RNA (24, 30, 44). Although several
initiation sites have been identified and there is a certain
selectivity in choosing these sites, the sequences (or possi-
bly, mRNA secondary structures) that signal reinitiation
have not been determined. In these systems translational

reinitiation is not the normal state of affairs and probably
does not play a role in the regulation of gene expression. In
the 46 system, translational reinitiation is used under wild-
type conditions, and it is a method of regulating gene
expression.

Translational coupling of genes has been documented in
the bacterial operons (1, 32, 36). In the E. coli galactose
operon the expression of galK is translationally coupled to
galT (36). There is a 3-bp space between the galT termina-
tion codon and the galK initiation codon. This coupling is
not a result of the fact that initiation signals of galK are
sequestered in mRNA secondary structures. It has been
proposed that the ribosomes terminating galT are positioned
to initiate translation of galK. A precise steric relationship
between the initiation and termination codons is not re-
quired. Rather, the preceding translation must terminate
within a region close to the initiation site, on the order of 50
bp 5' to the AUG codon of galK. This result is in agreement
with the experimental results of the 8-12 coupling and is
consistent with the predicted coupling of 9-5(11), in which
there is no overlap of coding sequences. There is, however,
an SD sequence before the galK gene.
Another example of translation reinitiation can be seen

from the work of Sprengel et al. (43), who have shown that
the neomycin phosphotransferase gene (neo) of transposon
Tn5, which is not translated in gram-positive bacteria be-
cause it does not have a good gram-positive SD sequence,
can be translated in Bacillus subtilis if ribosomes are deliv-
ered to the vicinity of the initiation codon by prior transla-
tion of a gene immediately 5' to the start of the neo gene. The
most efficient translation of the neo gene occurs when the
termination codon of the preceding gene overlaps with the
initiation codon of the neo gene. These results are consistent
with our proposed model for the translational coupling of the
genes of 46 segment S, and they demonstrate that ribosomes
delivered to the initiation region of an ORF, by translation of
an upstream gene, can reinitiate translation in the absence of
an SD sequence.
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