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Translation is shown to be downregulated sharply between genes V and VII of IKe, a filamentous bacterio-
phage classed with the Ff group (phages f1, M13, and fd) but having only 55% DNA sequence identity to it.
Genes V and VII encode the following proteins which are used in very different amounts: pV, used to coat the
large number of viral DNA molecules prior to assembly, and pVII, used to serve as a cap with pIX in 3 to 5
copies on the end of the phage particle that emerges first from Escherichia coli. The genes are immediately
adjacent to each other and are represented in the same amounts on the Ff and IKe mRNAs. Ff gene VII has
an initiation site that lacks detectable intrinsic activity yet through coupling is translated at a level 10-fold
lower than that of upstream gene V. The experiments reported reveal that by contrast, the IKe gene VII
initiation site had detectable activity but was coupled only marginally to upstream translation. The IKe gene
V and VII initiation sites both showed higher activities than the Ff sites, but the drop in translation at the IKe
V-VII junction was unexpectedly severe, ;75-fold. As a result, gene VII is translated at similarly low levels in
IKe- and Ff-infected hosts, suggesting that selection to limit its expression has occurred.

In the circular genome of the closely related Ff filamentous
phages f1, fd, and M13, genes V and VII are positioned as an
adjacent pair bridging groups of genes that encode replication
and structural proteins (29). The single-stranded DNA binding
protein encoded by gene V (pV) coats progeny viral DNA
molecules to generate the intracellular precursor for assembly
of phage particles as they are extruded through the membranes
of the Escherichia coli host. The small protein encoded by gene
VII (pVII), together with the product of gene IX (pIX), is
present in 3 to 5 copies on the end of the long thin virus
particle that emerges first (36). Several findings make it likely
that pVII and pIX have a role in initiating phage assembly.
Phage production is nearly abolished if pVII or pIX is absent,
indicating their involvement early in the process (23). Genetic
evidence points to interactions between pVII and pIX, the
packaging signal on viral DNA, and morphogenetic proteins.
Deletions in the packaging signal can be compensated by mu-
tations in pVII, pIX, and the morphogenetic protein pI (37).
Immunoprecipitation data for membrane proteins extracted
from infected cells also provide evidence for interactions of
pVII with the major coat protein pVIII (12).

Expression of genes V and VII conforms to a general pat-
tern that permits the phage to establish and maintain a persis-
tent infection that does not kill or lyse the host. For this to
occur, a balanced pattern of gene expression appears to be
required, since overexpression of most of the phage genes and
mutations in all but one are lethal to the host (6, 13a, 18, 22a,
29, 37a). The products of genes V and VII are found in the
infected host in very different amounts. pV, needed in large
quantities, is present in .105 copies per cell, whereas pVII,
needed in few copies at one tip, is present in much lower
amounts, despite the fact that a series of overlapping mRNAs

maintains message for both genes at high levels (Fig. 1). About
10-fold-lower amounts of pVII are detected in infected cells
(12), in agreement with studies of lacZ fusions suggesting that
gene VII is translated about 10-fold less efficiently than gene V
(3). These studies established that low-level synthesis of pVII
was achieved by an unusual case of translational coupling. The
gene VII initiation site was inactive when present by itself but
via coupling acquired ;10% of the translational activity from
upstream gene V (19). The nature and distribution of muta-
tions required for independent activity suggested that the gene
VII site was intrinsically defective and throughout lacked se-
quences required for ribosome binding (20).

Although the properties of translational coupling between
genes V and VII account reasonably well for the observed
levels of the proteins, it is not known how tightly pVII synthesis
must be regulated. Data of Endemann and Model (12) indicate
that an excess of pVII is tolerated, since infected cells normally
contain about 10 times more pVII and pIX than is incorpo-
rated into phage. However, since overexpression of gene VII is
lethal, some degree of downregulation at the gene V-VII junc-
tion is probably required. It is also not known how general the
translational coupling mechanism at the Ff gene V-VII junc-
tion is as a means of downregulating translation. An implica-
tion of the evidence is that by virtue of close spacing to a
well-translated gene, even an intrinsically defective initiation
site can transmit as much as 10% of upstream translation. We
have addressed these issues by studying the homologous gene
pair in a related filamentous phage for which the genomic
sequence has been determined (33). Phage IKe, which infects
E. coli bearing N pili, is classed with the Ff group based on
structure, morphology, and life cycle. It has the same genes and
gene order but only 55% sequence identity. Genes V and VII
are immediately adjacent on a series of overlapping mRNAs
(Fig. 1) that are very similar but not identical to the f1 mRNAs
(49), making it likely that any control over pVII synthesis
operates at the translational level. A previous study of IKe pV
indicated that at least 105 copies are made per cell (32), but
pVII levels were not determined. Compared to the f1 se-
quence, the sequence at the beginning of IKe gene VII (Fig. 1)
appears potentially to provide a better initiation site. It has a
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somewhat better fit to several consensus sequences (20, 40, 48),
a higher AU content (58% instead of 42%), and a slightly
longer Shine-Dalgarno (SD) sequence. There are two in-frame
AUG codons (33). The first overlaps the gene V stop codon

(ATGA). This format is the most common overlap found in
phage lambda (39) and E. coli (2) and is predicted to give
efficient translational coupling (13). The second in-frame AUG
is 2 nucleotides (nt) beyond the stop codon.

In this study, we examined translation from IKe genes V and
VII by using lacZ fusions similar to those employed to study
the f1 genes (3, 19). Site-directed mutagenesis, toeprinting,
and N-terminal amino acid sequence analysis established
which of the two in-frame AUGs serves as the start codon for
gene VII. The effects of potentially interfering secondary struc-
ture were tested by making deletions extending into the gene
VII initiation site, and the effects on coupled translation of
varied spacing between the gene V stop codon and gene VII
start codon were explored.

MATERIALS AND METHODS

Preparation of phage RFI DNA. Bacteriophage IKe and E. coli host strains
bearing the N plasmid, JE2571/N3 (leu thr/N3) and P90C/N3 [ara D(gpt-lac)5
thi/N3] (50), were obtained from R. Webster (Duke University). Overnight
cultures of host strains were grown at 37°C in LB broth supplemented with
tetracycline (12.5 mg/ml) to maintain the N3 plasmid. Following dilution into LB
broth and growth to a density of 2.0 3 108 to 2.5 3 108 cells/ml, shaking of the
cultures was slowed from 200 to 50 rpm for 10 min. After infection (multiplicity
of infection, 50), the culture was incubated without agitation for 5 min and then
shaken at 50 rpm for 5 min and thereafter at 200 rpm. Bacteria were collected by
centrifugation 2 h after infection and resuspended in 4 ml of a mixture of 50 mM
glucose, 10 mM EDTA, 25 mM Tris-HCl (pH 8.0), and 4 mg of lysozyme per ml
per 200-ml culture. IKe replicative-form (RFI) DNA was prepared by the
method of Birnboim and Doly (1) with modifications described previously (49).
Following resuspension in 2 ml of 10 mM Tris-HCl (pH 7.5)–1 mM EDTA, the
DNA was digested with BamHI to linearize contaminating N3 DNA but leave
RFI DNA intact. Samples were extracted with phenol, and the DNA was purified
by cesium chloride-ethidium bromide centrifugation.

Plasmid construction. Standard techniques were employed for plasmid con-
struction (38). Plasmids were introduced into the lac deletion strain DS70 [F2

D(lac) thi trpR ls] by transformation (14) or electroporation (10). Sequence
junctions, point mutations, and deletion endpoints were verified by dideoxy DNA
sequencing (51). PCRs employed Pfu DNA polymerase (Stratagene), primers
(Table 1), and IKe RFI DNA or plasmid DNA as templates.

Plasmids (Table 2) derive from pKC8, a pBR322 derivative containing the lac
operon structural genes under control of the lacIq promoter (8). pSM5 contains
in the SmaI site a 149-bp DdeI/HhaI fragment from IKe RFI DNA (nt 1194 to
1342) made blunt by repair synthesis. pSM5-7, pSM7, and derivatives were
constructed by PCR amplification of the IKe sequence by using the primers
indicated (Table 1). The DNA used to construct pSM5-7, after digestion with
BglII, was ligated into pKC8 digested with BamHI. DNA used to construct
pSM7, after digestion with DraI and BglII, was ligated into pKC8 digested with
SmaI and BamHI. Derivatives were constructed in the same way by using primers
with the desired mutations. Deletions extending into the VII site were made by

FIG. 1. Major f1 and IKe mRNAs and junctions between genes V and VII.
RNAs marked with an asterisk are primary transcripts; the others are the 39
products of processing by host endonucleases. The f1 mRNA diagram is the work
of many authors (29). The IKe mRNAs, as recently defined, range in length from
470 to ;2,000 nt (49). Coding regions are indicated by vertical lines. In the
sequences (17, 33), gene V stop codons are overlined and SD sequences are
underlined. Known (42) or potential start codons for gene VII are shown in
boldface type, with the 59 nucleotide of the f1 initiator AUG denoted 11.

TABLE 1. Primers

Name Sequencea Target positions (nt) and
restriction sites

59 5-7 59-ATGTAGATCTTTCTCAGCTATATCCTG-39 IKe (1181–1207), BglII, AluI
59 7 59-CGCTTTAAAGTACCGTTTACATCCTGC-39 IKe (1469–1495), DraI
39 5-7,7 59-ATTAGATCTTCACTAGTCATGCTCATT-39 IKe (1584–1558), BglII
39 ATG3CTG 59-ATTAGATCTTCACTAGTCAT/GGCTCAT/GTTAA-39 IKe (1584–1555), BglII
39 stop codon 59-ATTAGATCTTCACTAGTCATGCC/TC/TATTTAA-39 IKe (1584–1555), BglII
39 TGG 59-ATTAGATCTTCACTAGTCATGCCCATTTAA-39 IKe (1584–1555), BglII
39 CAG 59-ATTAGATCTTCTGTAGTCATGCTCATTTAA-39 IKe (1584–1555), BglII
59 SD mutant 59-CTCAGCTATATCCTGAATGGTATGTT-39 IKe (1193–1218), AluI
39 SD mutant 59-cgAGATCTTCACTAGTCATGCTCATTCCTCC-39 IKe (1581–1553), BglII
59 EcoRI 59-GTATCACGAGGCCCT-39 pKC8
39 KpnI 59-GACGAATTCCCCGGGGTA--CCAC-39 pKC8, EcoRI, SmaI, KpnI
39 lacZ 59-GGCGATTAAGTTGGGTAACGCC-39 pKC8
59 7 BglII 59-GAGTGGAATTCCAGATCTCCGTTTACATC-39 pSM7, BglII
39 7 MstII 59-ACAGTATCGGCCTCAGGAAGATCGCACT-39 pSM7
IKe toeprint 59-CATCGGAACACTCCAGCAG-39 IKe (1656–1638)

a Positions in oligonucleotides that differ from target sequences are indicated as follows: changes to generate restriction sites are in boldface type; point mutations
are underlined; two nucleotides present in an equal mixture during synthesis are separated by a slash; nucleotides complementary to vector sequences are in lowercase
letters; a deletion in the primer relative to the target is indicated by a dashed line.
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using pSM5-7 so that V site deletions could be made at the same time. The
EcoRI-SmaI fragment of pSM5-7 so that V site deletions could be made at the
same time. The EcoRI-SmaI fragment of pSM5-7 containing the lacIq promoter
was replaced with one containing a KpnI restriction site generated by PCR
amplification of the same region of pKC8. Unidirectional deletions in the re-
sulting plasmid were generated by exonuclease III digestion. DNA digested with
KpnI and SmaI was resuspended at 0.5 mg/ml in 66 mM Tris-HCl (pH 7.6)–0.66
mM MgCl2–1 mM b-mercaptoethanol. Nucleotides were removed from the
SmaI end by treatment with exonuclease III (2 U/mg of DNA) for 3 to 4 min at
30°C. After digestion with S1 nuclease and repair synthesis with the DNA
polymerase I Klenow fragment, the plasmids were circularized with DNA ligase.

Determination of lac-specific mRNA. Plasmid-bearing strains grown to early
log phase in M9 medium were labelled for 3 min with [5,6-3H]uridine (37
Ci/mmol, 20 mCi/ml; ICN). The nucleic acids were isolated by rapid lysis of 1-ml
cultures at 65°C in 10 mM Tris-HCl (pH 7.5)–10 mM EDTA–0.5% sodium
dodecyl sulfate (SDS), followed by immediate extraction with phenol equili-
brated at 65°C. The aqueous phase was extracted with phenol-chloroform (1:1
[vol/vol]), and the nucleic acids were collected by precipitation from 0.3 M
sodium acetate (pH 7.0) with 2 volumes of ethanol. The dried precipitate was
dissolved in 0.4 ml of 200 mM Tris-HCl (pH 7.5) and precipitated with 2 volumes
of ethanol. The nucleic acids were hybridized as described previously (19) to an
excess of single-stranded phage DNA prepared from the following M13 vectors
carrying the indicated nucleotides of the lacZ gene (25): pM605, nt 1725 to 2122;
pM565, nt 2349 to 3238; pM563, nt 3239 to 3947; and pJ32, nt 3948 to 4310. RNA
concentrations over a fourfold range were tested to ensure that conditions of
DNA excess were met. Radioactivity recovered from hybridization of each RNA
sample with the four probes was compared to ensure that the RNA detected
represented full-length transcripts. Values for the four probes were averaged and
corrected for background radioactivity and represent at least two independent
RNA preparations.

b-Galactosidase assays. b-Galactosidase assays were done as described by
Miller (27), with cultures that had been grown to mid-log phase in LB broth
containing 0.4% (vol/vol) glycerol. Chilled cells were permeabilized by adding 2
drops of chloroform and 1 drop of 0.1% (wt/vol) SDS to each milliliter of culture
diluted in assay buffer and then vortexing vigorously for 10 to 15 s.

Toeprint analysis. Toeprinting was done as described previously (15), with
RNA generated by runoff transcription in vitro. Purified E. coli 30S ribosomal
subunits were gifts of L. Spremulli (University of North Carolina) and P. Wol-
lenzien (North Carolina State University). Plasmid pGI73, a derivative of pSP73
(Promega) containing the IKe sequence of interest, was linearized at the PvuII
site and transcribed with SP6 RNA polymerase. Reactions were carried out for
30 to 60 min at 40°C in 50 ml of 40 mM Tris-HCl (pH 7.5)–6 mM MgCl2–2 mM
spermidine–10 mM NaCl–10 mM dithiothreitol–500 mM each nucleoside
triphosphate (NTP)–50 U of RNasin (Promega)–20 U of SP6 RNA polymerase
(Promega)–2 to 5 mg of template DNA. The 405-nt transcript was purified on
sequencing gels. The primer was end labelled with [g-32P]ATP (4,500 Ci/mmol;
ICN) and T4 polynucleotide kinase and annealed to the RNA. Toeprint reaction
mixtures (10 ml) contained 0.4 pmol of primer, 0.2 pmol of RNA, 6.5 or 11.5
pmol of purified 30S ribosomal subunits, 60 mM NH4Cl, 10 mM Tris-acetate (pH
7.4), 6 mM b-mercaptoethanol, 10 mM magnesium acetate, and 400 to 800 mM
each dNTP. Reaction mixtures contained 100 pmol tRNAf

Met (Subriden RNA),

when included. Preincubations were for 10 min at 37 or 42°C prior to the
addition of 4 U of avian myeloblastosis virus reverse transcriptase (Amersham
Corp.), and incubations were for 15 min. Sequencing reaction mixtures omitted
tRNA and 30S ribosomes and contained a ddNTP at 200 mM. Reactions were
stopped by the addition of an equal volume of buffered formamide dye (45 mM
Tris-borate [pH 8.3], 2 mM EDTA, 80% formamide, 0.1% bromophenol blue,
0.1% xylene cyanol FF) and placed at 0°C. After heating to 95°C for 3 min, the
reaction mixtures were fractionated on 8% sequencing gels.

Purification of the pVII–b-galactosidase fusion protein. DS70 bearing a
pSM5-7 derivative with 16 bp of IKe sequence upstream from the gene V AUG
was used for higher yields of the pVII–b-galactosidase fusion protein. Overnight
cultures were grown in LB broth supplemented with ampicillin (50 mg/ml).
Following a 1:400 dilution into 200 ml of LB broth containing ampicillin, the
culture was grown to a density of 2 3 108 cells/ml. After the bacteria were
collected by centrifugation, cell extracts were prepared and chromatographed on
an anti-b-galactosidase antibody affinity column (Promega) as described in the
manufacturer’s instructions. A sample of the eluate was mixed with an equal
volume of 3 mM Tris-HCl (pH 7.5)–0.07 mM b-mercaptoethanol–0.5% SDS–5%
glycerol–0.05% bromophenol blue and analyzed on SDS–6% polyacrylamide gels
(21). Following concentration by precipitation (53) and resuspension in 10 mM
Tris-HCl (pH 7.5)–1 mM EDTA, samples were electrophoresed on an SDS–6%
polyacrylamide gel and transferred electrophoretically to Immobilon-P mem-
branes (Millipore Corp.). N-terminal sequence analysis was performed on an
Applied Biosystems 477A gas-phase sequence analyzer.

RESULTS
IKe conserves differential translation of genes V and VII. To

measure translation of genes V and VII, lacZ fusions similar to
those used to study the f1 initiation sites (3) were generated.
Each contained a small IKe DNA fragment placed between the
lacIq promoter and lacZ coding region such that b-galactosi-
dase synthesis depended on initiation at the gene V or gene
VII start (Fig. 2). The fusions included the N-terminal 15
codons of gene V or the first 6 triplets in the gene VII reading
frame. The VII site-lacZ fusions in pSM7 and pSM5-7 were
identical, but pSM5-7 contained gene V as well. pSM7 and
pSM5-7 were used to assay gene VII translation in the absence
or presence of upstream translation, and pSM5 was used to
determine the upstream translation level (Table 3). The gene
VII site showed low but detectable activity (260 U) in the
absence of upstream translation, but with gene V translated
upstream, activity increased only 2.5-fold (630 U). The activity
value of 46,400 U for pSM5 confirmed earlier indications that
pV is abundant in IKe-infected hosts (32). The substantial
differences in b-galactosidase activity reflected translational

TABLE 2. Plasmids

Plasmid(s) Description Source or
reference

pKC8 pMC1403 with lacIq promoter in EcoRI site upstream from lac sequences 8
pSM5 pKC8 with IKe gene V initiation site and first 15 codons in frame with lacZ coding

region
This work

pSM7 pKC8 with the IKe gene VII initiation site and first 4 codons in frame with the lacZ
coding region

This work

pSM5-7 pKC8 with IKe gene VII-lacZ fusion as in pSM7, but preceded by IKe gene V This work
pSM7AC, pSM7CA, pSM7CC pSM7 with second or first ATG or both changed to CTG This work
pSM5-7AC, pSM5-7CA, pSM5-7CC pSM5-7 with second or first ATG or both changed to CTG This work
pSM5-7TAG, pSM5-7TAA pSM5-7 with gene V TGA changed to TAG or TAA This work
pSM5-7CAG pSM5-7 with out-of-frame GTG in gene VII changed to CAG This work
pGI73 pSP73 with 335-bp Sau3A/Csp451 fragment from IKe (nt 1404 to 1738) inserted

downstream from SP6 promoter
49

pSM7.87, etc.a pSM7 deletion derivatives with the indicated number of nucleotides remaining upstream
from gene VII initiator ATG

This work

pSM5-7TGG pSM5-7 with gene V stop codon (TGA) changed to TGG This work
pSMD5-7 pSM5-7 with 135-nt in-frame internal deletion in gene V This work
pSMD5-7 154, 115, 22 pSMD5-7 with the distal portion of gene V in alternate reading frames to place a stop

codon at the indicated positions before or after gene VII initiator ATG
This work

pM506, pM565, pM563, pJ32 M13 vectors carrying lacZ coding region segments 25

a For details on these plasmids, see the legend to Fig. 6.
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effects and were not explained by differences in steady-state
mRNA levels, which varied less than threefold (Table 3). Com-
parison with the results for the f1 initiation sites (3) revealed
that the IKe gene VII initiation site differed in two ways from
the inactive f1 gene VII site (,2 U). The IKe gene VII site had
detectable independent activity and showed only limited acti-
vation by upstream translation. The IKe gene V initiation site
gave nearly sixfold more activity than the f1 gene V site (8,000
U), suggesting that the IKe gene is expressed at a higher level
than the f1 gene. However, because the decrease in translation
across the IKe gene V-VII junction was more severe than that
for the f1 gene V-VII junction, ;75-fold instead of 10-fold, the
level of IKe gene VII translation (630 U) was very similar to
that observed for f1 gene VII (880 U).

Mutational analysis of potential gene VII start codons. As a
first step in determining whether one or both of the ATGs
serve as initiator codons, they were eliminated by base substi-
tution (Fig. 3). The location of the gene V stop codon (ATGA;
stop codon underlined) required that the first position of the
ATG codons be changed, and the fact that ATG, GTG, and
TTG all function as initiators left CTG as the only substitution
possible. This was not ideal, since C is the least frequent nu-
cleotide at most positions of initiation sites and is generally a
down mutation (47). On the other hand, none of the changes
was predicted to alter the basic base-pairing potential of the
region containing the gene VII initiation site (57). Parallel sets
of pSM7 and pSM5-7 derivatives were made to assess the

effects of the mutations in the absence or presence of upstream
translation. Additional constructs (pSM5-7TAA and pSM5-
7TAG) changed the first ATG to ATA, also changing the
identity but not the position of the gene V stop codon. pSM5-
7CAG eliminated an out-of-frame GTG to determine whether
ribosome binding to the out-of-frame GTG interfered with
in-frame initiation.

When both ATGs were eliminated, activity dropped to the
background level in the absence or presence of upstream trans-
lation, indicating that one or both of the ATGs do function as
the gene VII start. The fact that activity did not increase when
the out-of-frame GTG was eliminated supports the argument
that it does not interfere with in-frame initiation. Substituting
the first ATG with CTG had effects, decreasing activity of the
pSM7 derivative fivefold and that of the pSM5-7 derivative
twofold. However, eliminating the second ATG reduced activ-
ity of the pSM7 derivative to the background level and reduced
activity of the pSM5-7 derivative fivefold. Eliminating the sec-
ond ATG was thus associated with more loss of function. The
decreased activity observed for mutants with the change in the
first ATG could have been due to either inactivating a func-
tional start codon or introducing a down mutation within the
initiation site defined by the second ATG. Since the constructs
which eliminated the first ATG by changing the gene V stop
codon (pSM5-7TAA and pSM5-7TAG) both showed wild-type
or higher levels of activity, the latter appeared more likely.
Thus, differences in the activities of the various constructs
probably reflected the nature of the nucleotide substitution
(47) and not the loss of a functional start codon. pSM5-7TAA
and pSM5-7TAG also provided evidence that the gene VII
initiation site is as efficient with just the second ATG present as
it is when both are present. The results suggest that the second
ATG is the gene VII initiator codon.

30S ribosomes toeprint to the second AUG. Two factors
suggested the need for directly localizing ribosomes bound to
mRNA containing the VII site. The 3-nt spacing between the
SD sequence and the first AUG was less common than the 9-nt
spacing to the second AUG, but use of the first was not ruled
out based on known initiation sites (47). Also, because abol-
ishing the second AUG did not reduce activity to the back-
ground level when gene V was being translated, it remained
possible that some pVII arises from initiation at the first AUG.
The position(s) of 30S ribosome binding was localized by use
of the toeprinting assay (15). The mRNA template was a
405-nt in vitro transcript containing the 39 half of gene V and
the gene VII initiator region. An end-labelled primer comple-
mentary to the 39 end of gene VII was annealed to the tran-
script, and the position at which reverse transcriptase stopped
primer extension in the presence of purified 30S subunits was
identified on sequencing gels by using dideoxy sequencing
products as size standards. When initiator tRNA is present in
the ribosomal P site, primer extension stops at 116 relative to
the 59 nucleotide (11) of the initiator codon (15). The results
revealed a single strong stop dependent on the presence of 30S
subunits and tRNAf

Met which mapped to position 116 relative
to the second AUG (Fig. 4, lanes 1 to 3). If a higher concen-
tration of 30S subunits was used to enhance detection of
weaker ribosome binding sites (Fig. 4, lanes 4 and 5), an ad-
ditional stop was not detected. If the reaction mixtures were
incubated at 42°C to favor any unfolding of the mRNA (Fig. 4;
compare lanes 6 and 7 to lanes 8 and 9), binding to the second
AUG increased somewhat, but binding to the first AUG was
not detected. The results indicated that ribosomes bind to the
gene VII initiation site with the second AUG occupying the P
site and provided no evidence for ribosomes positioned with
the first AUG in the P site.

FIG. 2. IKe gene-lacZ fusions used to measure translation of genes V and
VII. The IKe sequences shown are as follows: pSM5, 103 bp upstream from gene
V ATG and 15 codons; pSM7, 89 bp before the first in-frame ATG for gene VII
and 5 additional triplets; pSM5-7, 110 bp upstream from the gene V ATG, gene
V, and the gene VII site-lacZ fusion present in pSM7. Transcription from these
and all other lacZ fusions reported was directed by the lacIq promoter in parent
vector pKC8. pKC8 contains the lacIq promoter and 11 bp of lacI sequence
downstream from the transcription start site, followed by restriction sites (EcoRI,
SmaI, and BamHI) and the lacZ coding region starting at codon 9 (8). lacI and
lacZ sequences in the vector (continuous lines), the IKe gene sequences (open
bars), and initiator regions (shaded bars; with ATG position indicated by a
vertical line) are shown.

TABLE 3. Activities of the IKe gene V and gene VII initiation sites

Plasmida
b-Galactosidase activity Relative lacZ-specific

mRNA level (%)d
Ub %c

pSM5 46,400 100.0 100
pSM7 260 0.6 40
pSM5-7 630 1.3 60

a Plasmids in this table and Fig. 3, 6, and 7 were harbored in the lac deletion
strain DS70.

b o-Nitrophenyl absorbancy units at A420/min per A600 unit of cells (27). Back-
ground values for DS70 bearing the parent vector lacking an IKe insert (pKC8)
have been subtracted. The values are the average of at least four determinations.

c Expressed relative to that of pSM5.
d Levels of [3H]uridine-labelled lacZ-specific RNA, determined as described

in Materials and Methods, are expressed relative to that of pSM5.
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N-terminal sequencing of the pVII–b-galactosidase fusion
protein. With the N-terminal amino acid sequence of IKe pVII
available in the pVII–b-galactosidase fusion protein, it was
possible to determine whether the sequence reflected a single
start or a mixture of two. A protein initiated at the first AUG
should have the sequence Met-Ser-Met-Thr-Ser-Glu-Asp-Pro,
whereas one initiated at the second AUG should have the

sequence Met-Thr-Ser-Glu-Asp-Pro-Val-Val. The pVII–b-ga-
lactosidase fusion protein was isolated from a pSM5-7 con-
struct so that the gene VII site-lacZ fusion would be expressed
as it normally is, with gene V translated upstream. Purification
was as described in Materials and Methods with an anti-b-
galactosidase antibody affinity column. Crude lysates from the
strain bearing the construct (Fig. 5, lane 3) contained substan-
tial amounts of a protein not seen in the lysate from strains
carrying the vector (Fig. 5, lane 2). The protein comigrated
with purified b-galactosidase (Fig. 5, lane 1) (116,000 Da) and
was absent from the flowthrough material (Fig. 5, lane 5). The
material eluted from the column (Fig. 5, lane 4) appeared to be
nearly homogeneous. Sequence analysis showed that $95% of
the sequenceable protein arose from initiation at the second

FIG. 3. Sequences and b-galactosidase activities of wild-type VII site-lacZ fusions and mutants eliminating ATG codons in the gene VII reading frame. The SD
sequence is underlined, and ATG and mutant CTG codons are in boldface type. The gene V stop codon is shaded in the sequences of plasmids in which gene V is
present. The out-of-frame GTG changed to CAG is indicated by a wavy line.

FIG. 4. Toeprint analysis of a gene VII transcript. Assays were carried out as
described in Materials and Methods, and samples of identical sizes from the
reaction mixtures were electrophoresed on an 8% sequencing gel. In lanes
containing tRNA, the full-length cDNA product reproducibly showed decreased
mobility. Symbols at the top of the lanes indicate the presence (1) or absence
(2) of tRNAf

Met and 30S ribosomal subunits, the amounts of 30S subunits
present (6.5 and 11 pmol), and incubation temperatures (37 and 42°C). Where
not otherwise indicated, reaction mixtures contained 6.5 pmol of 30S subunits
and were incubated at 37°C. Sequencing reactions were performed in the ab-
sence of tRNA and 30S ribosomes, with the indicated ddNTP present at 200 mM.
The sequence highlights the two in-frame ATGs (boxed) and 116 positions
(arrows) corresponding to each.

FIG. 5. Purification of the pVII–b-galactosidase fusion protein. Affinity pu-
rification was as described in Materials and Methods. Samples of crude lysates
from strains bearing the vector (lane 2), the pSM5-7 clone (lane 3), and
flowthrough material from the column (lane 5) contained 5 mg of protein as
determined by the Bradford dye binding assay (5). The sample of affinity-purified
fusion protein (lane 4) contained 0.5 mg of protein. Samples were fractionated on
an SDS–6% polyacrylamide gel and stained with Coomassie brilliant blue. The
sizes of molecular mass standards (lane 1) used are indicated on the left in
daltons.
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AUG. The sequence was identical to that predicted, with the
N-terminal methionine retained. Virtually no material with a
sequence beginning Met-Ser-Met-Thr and yielding Met in cy-
cle 3 was detectable. The results confirmed that the second
AUG is the gene VII start codon.

An unlikely role for secondary structure in inhibiting gene
VII translation. To determine whether the limited translation
of gene VII was due to structural occlusion of an otherwise
efficient ribosome binding site, deletions extending into the
gene VII initiation site were made. Successively removing se-
quences that form structure usually increases initiation effi-
ciency substantially and hence is diagnostic of interfering RNA
structure (9, 31, 41). The 59339 deletions were made in pSM7
without gene V upstream. They were designated by the num-
ber of nucleotides of IKe sequence remaining before the ini-
tiator AUG and are shown (Fig. 6) superimposed on the most
stable theoretical structure for the VII site (57). The activities
determined for pSM7.87 and pSM7.82, predicted to leave the

base-pairing scheme intact, were similar to that of the wild-
type parent (260 U). The activity of pSM7.42 increased slightly
as the deletion extended into the ascending arm of the stem.
However, more extensive deletions, to 35 or 33 nt upstream
from the initiator AUG, did not give further increases in ac-
tivity, even though the predicted DG dropped by more than
half, from 212.8 to 25.5 kcal/mol. Deletions up to positions
14, 8, and 6 nt upstream from the AUG extended into the
ribosome binding site and, as expected, decreased activity.
Thus, although a structure was predicted to sequester the SD
sequence and AUG, little evidence that RNA structure inhibits
initiation significantly was obtained from lowering the base-
pairing potential. The activities of the wild-type parent and the
deletion mutants were more consistent with the simple alter-
native that gene VII has a weak initiation site.

Coupled translation and spacing at the gene V-VII junction.
To determine how the spatial arrangement of genes V and VII
governs coupled translation from gene VII, the effects of vary-
ing the stop-start distance were explored. This approach often
provides an indication of how the distal gene in a pair is
regulated by revealing how dependent activity is on proximity
to the upstream gene and whether downstream translation is
hindered or enhanced by local RNA structure. For the f1 gene
pair, the sharp decrease in gene VII translation that resulted
from a small increase in spacing from gene V (1 to 5 nt) was
key in suggesting that the gene VII initiation site was incapable
of binding ribosomes de novo (19). Sequences at the IKe gene
V-VII junction in the pSM5-7 derivatives are shown in Fig. 7.
In the pSM5-7TGG sequence, the gene V TGA was changed
to TGG to overlap the functional stop codon with the gene VII
ATG. The modest decrease in activity observed suggested that
minimizing the spacing does not improve gene VII translation.
Alternatively, the A3G change could represent a down mu-
tation. To avoid this complication, the spacing in other con-
structs was varied without changing the sequence at the V-VII
junction. This was done by using deletions of slightly different
lengths within gene V to place the distal segment in different
reading frames. In the pSMD5-7 sequence, the 0 frame and
wild-type 2-nt spacing was maintained. In pSMD5-7 115 and
pSMD5-7 154, the spacing was increased to 15 or 54 nt, and in
pSMD5-7 22, the stop codon was moved 2 nt beyond the gene
VII ATG (22). Increasing the spacing from 2 to 15 nt reduced
activity by only ;20%. Increasing it to 54 nt decreased activity
to a value not appreciably higher than the activity observed for
the gene VII site in the absence of upstream translation. Ac-
tivity was also low if the stop codon was 2 nt beyond the gene
VII ATG. The results are not atypical for translationally cou-
pled genes. Generally, activity decreases if the stop codon for

FIG. 6. A predicted structure for the IKe gene V-VII sequence and b-galac-
tosidase activities of deletion mutants (mutant 87 is, e.g., pSM7.87). The most
stable secondary structure predicted for the gene VII initiation site (57) is shown
on the left. The 59339 deletion mutants generated from pSM7 are designated by
the number of nucleotides in the IKe sequence remaining upstream from the
initiator AUG. The AUG is shaded, and the SD sequence is indicated by a
vertical line.

FIG. 7. Effect of spacing on gene VII translation. Diagrams show the V-VII junctions in IKe gene-lacZ fusions with the spacing varied between the gene V stop
codon and the gene VII start codon. The sequence of the parent plasmid, pSM5-7, is shown at the top, and the change in the sequence of pSM5-7TGG is indicated
in italics. Other fusions had the wild-type sequence at the V-VII junction but were derivatives of pSMD5-7, which contained an internal deletion in gene V that removed
about half of the coding region. Derivatives are designated by the number of nucleotides between the functional stop codon for gene V and the gene VII ATG, with
spacings represented by dotted lines. The gene VII SD sequence is underlined, functional stop codons are shaded, and the gene VII ATG is boxed.
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the upstream gene is placed beyond the start of the distal gene,
is relatively insensitive to small increases in spacing, and drops
to the independent level when the spacing is increased further.
Modest increases in spacing frequently also unmask substantial
activity from occluded initiation sites by positioning the termi-
nating ribosome on a sequence that would otherwise assume
structure. That they did not do this at the IKe V-VII junction
concurs with indications from deletions extending into the VII
site that interfering RNA structure is probably not the basis for
inefficient translation.

The activities observed for pSM5-7 and pSMD5-7 eliminated
another explanation for inefficient translation of gene VII un-
der conditions in which gene V is translated. Phage f1 pV is
known to repress translation of genes II and X by binding to
the f1 mRNAs (28, 55). While IKe pV appears not to repress
translation of gene II (56), it is not clear whether the protein
has lost function entirely as a translational repressor. Deleting
about half of gene V in pSMD5-7, including the amino acids
important for DNA binding and dimer formation (26), did not
substantially increase activity from the VII site. This ruled out
the possibility that pV functions in trans as a repressor of gene
VII translation.

DISCUSSION

Translation of IKe genes V and VII has been examined, and
several basic features of the gene VII initiation site have been
defined. The genes are represented in the same amounts on
the phage mRNAs, but the products are needed in different
amounts to produce phage. The lacZ fusions driven by the
respective initiation sites showed that differences are brought
about during translation, and the expression levels were more
disparate than would have been expected. Gene V is translated
at a very high level, consistent with reports that pV is abundant
in IKe-infected hosts (32). Gene VII is translated at low levels
from an initiation site defined by a single AUG. Unlike the Ff
gene VII initiation site, the IKe gene VII site has detectable
intrinsic activity and is coupled only marginally to upstream
translation. These properties suggest that IKe has evolved a
distinct mechanism for lowering translation at the gene V-VII
junction. This and the fact that expression is downregulated
between genes V and VII to similar levels by the two distantly
related phages suggest that selection has occurred to maintain
expression of pVII at a low level. While that level is not set
precisely to the amount incorporated into phage (12), the
functions or properties of the protein appear to require that its
synthesis be limited. Neither the independent activities of the
IKe gene V and VII initiation sites nor the close spacing
between the genes would have predicted a level of gene VII
translation so similar to that seen in Ff phage infections.

The fact that translation on the IKe mRNAs is sharply
downregulated at the gene V-VII junction increases the like-
lihood that the other coat protein involved in initiating phage
assembly (pIX) is translated at similarly low levels. On the Ff
mRNAs, efficient binding of ribosomes to the gene IX initia-
tion site requires removing a structure 15 nt upstream from the
AUG (3). From this result and evidence that amber mutations
in gene VII are polar on gene IX expression (42, 43), it was
suggested (19) that inefficient coupling at the gene V-VII junc-
tion determines the number of ribosomes transmitted into
gene VII. Ribosomes traversing gene VII are then needed to
unfold the structure masking the gene IX start. Since the IKe
sequence at the junction of genes VII and IX (33) has a format
identical to that of the gene V-VII junction, a substantial
predicted structure (57) 15 nt upstream from overlapping stop

and start codons, control of gene IX translation may be
achieved by the same mechanism.

The sixfold-higher activity of the IKe gene V initiation site
compared with that of the f1 gene V initiation site is notable in
two respects. Certainly, the basis for its efficiency is not obvi-
ous. The f1 V site (Fig. 8A), based on direct binding and the
activity of the lacZ fusion (8,000 U) (3) compared to that of
fusions for other initiation sites (8, 19, 20), is a strong ribosome
binding site. The IKe V site in our standard lacZ fusion gives
the highest value we have encountered (46,400 U), yet the
sequence has only modest SD complementarity (GAG) and, at
the initiator AUG, lacks the optimal context AUGA (52).
However, the V site contains regions similar to U-rich se-
quences recognized in a site-specific manner by ribosomal pro-
tein S1 and proposed to serve as determinants for recognition
(4). It also includes two 9-nt stretches nearly identical to the
epsilon translational enhancer (30) and a 14-nt sequence that
at 11 positions is identical to the downstream box (44). Present
evidence (46) indicates that these elements are important in
some but not other RNAs (34, 45). How they function is not
yet clear. They have complements in 16S rRNA, but the in-
volvement of the 16S rRNA sequences in base-pairing has not
been demonstrated. Nevertheless, the possibility that the IKe
gene V initiation site derives its efficiency from interactions
with the ribosome by using these or other as-yet-unidentified
elements merits further study.

The substantially higher level at which IKe pV is synthesized
relative to Ff pV also has implications for DNA replication and
phage production. Ff pV molecules have two known functions:
they bind single strands (SS) displaced by rolling-circle repli-
cation during the switch from replicative-form (RF) to SS
synthesis and, when in excess over DNA, bind operators on the
mRNAs to repress translation of genes II and X (29). An
increase in pV synthesis over normal levels is believed to com-
promise phage production in several ways. It shortens the
period of RF production before the switch, limits the number
of RF molecules to serve as templates for SS synthesis and

FIG. 8. Sequences of the f1 and IKe gene V initiation sites (A) and SD-AUG
spacings in the IKe gene VII initiation site (B). SD sequences are underlined, the
start codons are shown in boldface type, and the gene V stop codon is overlined.
(A) Boxed regions in which 7 of 9 nt are identical to the epsilon translational
enhancer are shown (30). The sequence with similarity to the downstream box
(UCAcGaUUCuCAAG; identical nucleotides are capitalized) occurs at posi-
tions 118 to 131 downstream from the AUG, included in all of the V site-lacZ
fusions. (B) Spacing is defined with reference to the 59 A of the ASD sequence.
Aligned spacing between the SD sequence and the first or second AUG in the
gene VII initiation site is indicated by dots beyond the 59-terminal position of the
ASD sequence.
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transcription, and prematurely represses synthesis of pII
needed for RF production. In IKe-infected hosts, the higher
level of pV synthesis should similarly limit RF levels, which
may in part explain the weaker infection generally observed.
On the other hand, IKe pV differs from Ff pV by not func-
tioning as a translational repressor for gene II (56). This may
help the host tolerate the high level of pV synthesis by ensuring
that some level of continuous RF production maintains the
infection.

Certain properties of the IKe gene VII initiation site are
readily understood. The detectable but low independent activ-
ity is probably not unexpected. The bias toward an AU-rich
sequence (58%) may be closer than the atypical f1 VII site to
the range seen in ribosome binding sites, but other features are
only marginally better (Fig. 1). In the region of direct ribosome
contact (220 to 113), the fit to a consensus sequence derived
from independent initiation sites is 36%, while that for f1 is
33% (20). By comparison, the values for the respective gene V
initiation sites are much higher (55%). The SD sequence in the
IKe VII site is 1 nt longer (Fig. 1), but since a 3-bp interaction
with 16S rRNA would involve the 59 end of the anti-SD (ASD)
sequence rather than the 39 end used most often (47), the 2-bp
interaction is more likely (Fig. 8B). The SD-ASD interaction
also rationalizes selective use of the second AUG. Spacing to
the first AUG is only 3 nt if the SD sequence pairs with the 59
end of the ASD sequence, and if base pairs involve the more
frequently used 39 end, there is no space between the 59 nu-
cleotide of the ASD sequence and the position that would be
occupied by the initiator tRNA anticodon. The equivalent
spacings to the second AUG are 9 and 6 nt, respectively.
Recent studies using the notion of alignment (11) to explore
the constraints on SD-AUG spacing indicate that a spacing
minimum is required for translation, and spacings less than 4
nt sharply decrease activity (7, 22, 35). Thus, the fact that
ribosomes terminating at the end of gene V ignore an AUG
overlapping the stop codon in favor of a second AUG with
better alignment contributes further evidence that the SD-
AUG spacing in mRNA is constrained to allow simultaneous
interactions with the ASD region of 16S rRNA and initiator
tRNA in the P site.

The most puzzling findings of the work presented here are
clearly the severity of the downregulation at the IKe gene
V-VII junction and the limited extent to which gene VII is
coupled to gene V translation. The genes have an arrangement
typical of translationally coupled gene pairs, coding regions
separated by only 2 nt and the start for the distal gene located
just after the upstream stop. Based on mutational and com-
parative analysis of highly expressed genes, the sequence re-
quirements for coupled translation are less stringent than
those for de novo initiation (20, 24). The f1 gene VII initiation
site illustrates this by extreme example, giving coupled trans-
lation at 10% of the upstream translation level despite no
detectable independent activity and a sequence that lacks the
characteristic features of ribosome binding sites (19, 20). Thus,
since both initiation sites in the IKe gene pair showed higher
activities than the f1 sites, a higher level of gene VII translation
was expected when gene V was being translated upstream.
Instead, translation occurred at a much lower level, ;1% of
gene V activity. The most prevalent means of decreasing or
preventing coupling, interference by RNA secondary structure
(16, 31, 54), appears an unlikely explanation. The effects of
lowering the potential for structure were modest, and varying
the spacing at the V-VII junction did not unmask substantially
higher activity. Moreover, ribosomes terminating 2 nt before
the gene VII AUG presumably have unfolded any local struc-
ture. Competing signals do not appear to have significant ef-

fects, since removal of the upstream AUG or an out-of-frame
GUG did not increase translation from the gene VII AUG. In
addition, little indication that the identity of the termination
codon or limiting release factors is the basis of the defect in
translational coupling was provided by the modest effects of
varying the gene V stop codon (Fig. 3). In view of the unex-
pected nature of our findings, studies designed to identify
situations that increase gene VII translation are under way to
determine the basis for the low efficiency of translational cou-
pling between genes V and VII.
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