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Infection of Escherichia coli by the filamentous bacteriophage f1 is initiated by interaction of the end of the
phage particle containing the gene III protein with the tip of the F conjugative pilus. This is followed by the
translocation of the phage DNA into the cytoplasm and the insertion of the major phage capsid protein, pVIII,
into the cytoplasmic membrane. DNA transfer requires the chromosomally encoded TolA, TolQ, and TolR
cytoplasmic membrane proteins. By using radiolabeled phages, it can be shown that no pVIII is inserted into
the cytoplasmic membrane when the bacteria contain null mutations in tolQ, -R and -A. The rate of infection
can be varied by using bacteria expressing various mutant TolA proteins. Analysis of the infection process in
these strains demonstrates a direct correlation between the rate of infection and the incorporation of infecting
bacteriophage pVIII into the cytoplasmic membrane.

Infection of Escherichia coli by the Ff filamentous phages f1,
fd, and M13 is initiated when the end of the particle containing
the pIII protein interacts with the tip of the F conjugative pilus
(22, 38). It is thought that the phage is then brought to the
bacterial surface by retraction of the pilus (12). It is not known
whether the retraction is a result of the normal polymerization-
depolymerization cycles of the pilus or is triggered by the
binding of the phage particle (8). Subsequent translocation of
the phage DNA into the cytoplasm requires the products of the
bacterial tolQRA genes. In the absence of any one of these
gene products, no productive infection occurs (i.e., the bacteria
are tolerant of the phages), even though the phages can bind to
the pili and the bacteria are capable of producing progeny
phages when transformed with phage DNA (27, 32). These
three Tol proteins are also required for the uptake of the group
A colicins (5, 15, 37) and are involved in maintaining the
integrity of the outer membrane (7, 37). Bacteria containing
mutations in any one of the tolQRA genes leak periplasmic
proteins into the medium and are not killed by the group A
colicins, even though these bacteriocins are able to bind to
their respective outer membrane receptors.

TolQ, TolR, and TolA are integral cytoplasmic membrane
proteins which appear to form a complex (6, 16), some of
which is concentrated at contact sites between the cytoplasmic
and outer membranes (10). TolQ contains three transmem-
brane helices, with the major portion of the protein located in
the cytoplasm (13, 33, 35). TolR has a single transmembrane
segment, with most of the protein exposed in the periplasm
(13, 23). TolA is a three-domain protein anchored in the cy-
toplasmic membrane via its amino-terminal 47-residue domain
I (18). The remaining 348 residues are exposed in the peri-
plasm and are divided into the globular carboxyl-terminal do-
main III and the long, helical middle domain II. Presumably,
the helical domain II is able to span the periplasm, positioning

domain III to potentially interact with the outer membrane as
well as with components of the periplasm.

TolA domain III appears to play an important role in the
function of the TolQRA complex. The presence of a free form
of domain III in the periplasm of wild-type bacteria results in
the release of periplasmic components into the medium as well
as an increased tolerance to the group A colicins, suggesting
that domain III of TolA normally interacts with some peri-
plasmic or outer membrane components (19). TolA domain III
has also been shown to be essential for infection by the fila-
mentous phages (4, 26), interacting with the amino terminal
portion of the phage pIII (26). This interaction occurs only
after initial interaction of the bacteriophage with the tip of the
pilus (4). Thus, TolA domain III was recently designated the
coreceptor of filamentous phage infection (26).

During infection, the DNA is translocated into the cyto-
plasm while the major capsid protein, pVIII, is inserted into
the cytoplasmic membrane (29, 34). The pVIII from the in-
fecting phage joins newly synthesized pVIII and is assembled
into progeny phages (2, 29). Since TolA domain III appears to
receive the phage from the retracting pilus, it is logical to
assume that DNA translocation and pVIII membrane insertion
occur after this step. However, a 1974 study suggested that
pVIII could become associated with the inner membrane in a
bacterium containing an undefined colicin-tolerant mutation in
tolA (29). Since that time, the tolQRAB operon has been de-
fined and its products have been characterized (36). In this
paper, we reexamine the fate of pVIII from infecting f1 phages
in bacteria by using defined tolQRA mutants. We show that
insertion of the pVIII protein into the cytoplasmic membrane
upon infection is clearly dependent upon functioning TolQ,
TolR, and TolA proteins. Further, analysis of strains express-
ing mutant TolA proteins, which vary in their rates of infection,
demonstrates a direct correlation between the rate of infection
and the amount of pVIII from infecting phages incorporated
into the cytoplasmic membrane.

MATERIALS AND METHODS

Bacteriophages, bacterial strains, and plasmids. E. coli K91 (HfrC) and K17
(F2) were obtained from M. Russel (The Rockefeller University). GM1 (F9 lac
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pro) was obtained from D. Steege (Duke University). K17DE3 is K17 lysogenized
with lambda DE3 carrying the inducible gene for T7 RNA polymerase (18).
K17DE3/F1 contains the F9 lac pro from GM1, while K17DE3tolA/F1 and
K91tolA each contain a mini Tn10 insertion in tolA (4). GM1-derived mutant
strains TPS13 [tolQ(Am)], TPS66 (tolQ missense mutant), and TPS300 (tolR::Cm
insertion mutant) have been previously described (32). Plasmid pSKL10 ex-
presses wild-type TolA (18). Plasmids ptolAD1, ptolAD2, and ptolAD3 express
TolA containing deletions of the first half of domain II (TolADIIN), the second
half of domain II (TolADIIC), and the entire domain II (TolADII), respectively
(4, 28). Plasmid pPGK101 expresses wild-type TolR. It was constructed by
cloning the tolR gene from pTPS202 (32) by PCR and by subsequent insertion of
the gene downstream of the ribosome binding site in pTrc99A (Pharmacia).

Media and chemicals. Bacteria were grown in TY medium as described in Sun
and Webster (32), supplemented with ampicillin (60 mg/ml) where appropriate.
L-[4,5-3H(N)]lysine (108 Ci/mmol); Expre35S35S protein labeling mix (35S, .1,000
Ci/mmol), containing both [35S]cysteine and [35S]methionine; and [32P]ortho-
phosphate (1 mCi/mmol) were purchased from DuPont, NEN. Subtilisin (bac-
terial protease type VIII) and phenylmethylsulfonyl fluoride were purchased
from Sigma.

Infection with radiolabeled phages and removal of surface-bound phages.
Radiolabeled f1 phages were produced by infection of K91 in the presence of
[35H]lysine, [35S]methionine-[35S]cysteine, or [32P]orthophosphate and purified
by CsCl density centrifugation as previously described (20). Bacteria (100 ml)
were grown to a density of 2 3 108 per ml and infected with the desired radio-
active bacteriophage at a multiplicity of infection of 100. After 10 to 15 min,
infection was stopped by rapid chilling to 0°C in the presence of 0.02% sodium
azide, and the bacteria were harvested by centrifugation. The labeled bacteria
were washed twice by resuspension in 100 ml of 10 mM HEPES, pH 7.8,
containing 0.5 mM EDTA (HE) followed by centrifugation (washed bacteria).
Surface-bound phages were removed from washed bacteria by two rounds of
suspension in 100 ml of HE and shearing in a Sorvall omnimixer (sheared
bacteria) as previously described by Lopez and Webster (21). For enzymatic
removal of surface-bound phages, bacteria were suspended in 10 ml of 10 mM
HEPES, pH 7.8, containing 2 mM CaCl2, divided into two aliquots, warmed to
room temperature, and then incubated with or without 0.2 mg of subtilisin/ml for
15 min with occasional gentle mixing. Following rapid chilling in the presence of
0.8 mM phenylmethylsulfonyl fluoride, the bacteria were collected by centrifu-
gation (protease-treated bacteria). Aliquots of suspended bacteria were boiled
for 10 min in 2% sodium dodecyl sulfate (SDS), and radioactivity was deter-
mined in 10 ml of Hydrofluor with an Intertechnique scintillation spectrometer.

Cellular fractionation. Bacteria, suspended in 10 ml of HE, were broken by
passage through a prechilled French pressure cell at 18,000 lb/in2, and the total
membrane fraction was isolated by density centrifugation onto a cushion of 55%
sucrose (wt/wt) topped with 5% sucrose in HE buffer (25). The total membrane
fraction was collected, adjusted to a volume of 1.5 ml with 30% sucrose in HE,
and sheared three times through a 22-gauge needle. The sucrose concentration
was raised to .55% by the addition of powdered sucrose (0.9 g per 1.5 ml). The
sample, minus any undissolved sucrose crystals, was placed at the bottom of an
ultracentrifugation tube and overlaid with a sucrose gradient in HE consisting of
50% sucrose (2.5 ml), 45% sucrose (2.5 ml), 40% sucrose (2.5 ml), and 35%
sucrose (2.0 ml) and topped with 30% sucrose (approximately 0.8 ml) to fill the
tube. After centrifugation for 72 h in a Beckman SW41 rotor at 4°C, fractions
(0.5 ml) were collected from the bottom of each gradient and the radioactivity in
aliquots (100 to 200 ml) was determined. NADH oxidase activity in each fraction
was determined as previously described (17). Fractions containing the outer
membrane, cytoplasmic membrane, and other regions of interest were pooled,
diluted with HE, and pelleted by centrifugation for 3 h at 35,000 rpm in a TY 65
rotor. The pellets were dissolved in 4% SDS–0.25 M Tris, pH 6.8, and aliquots
were subjected to analysis by SDS polyacrylamide gel electrophoresis followed by
staining with Coomassie blue.

RESULTS

Fate of the major coat protein of the f1 bacteriophage fol-
lowing infection of E. coli. The major coat protein, pVIII, of
the bacteriophage f1 constitutes 98% (by weight) of the protein
in the particle (22, 38). Upon infection, pVIII becomes asso-
ciated with the membrane and later can be reutilized in the
assembly of progeny phage particles (2, 29, 34). Therefore, the
pVIII of the infecting phage probably assumes the same ori-
entation in the membrane as newly synthesized pVIII. This
would place the carboxyl-terminal 11 amino acids in the cyto-
plasm, the amino-terminal 20 amino acids in the periplasm,
and the intervening 19 residues spanning the cytoplasmic
membrane (24, 40).

Entry of the DNA into the cytoplasm appears to require the
products of the bacterial tolQRA genes (4, 27, 33). Earlier
studies suggested that pVIII from infecting phages became

associated with the membrane in bacteria containing an unde-
fined mutant of tolA (29). Our present knowledge about the
topology of TolA (18) and its interactions with the phage pIII
capsid protein (4, 26) would suggest that TolA must be re-
quired for the entry of pVIII into the membrane as well as for
translocation of the DNA into the bacteria. To test this hy-
pothesis, phages radiolabeled with either [3H]lysine or [35S]
methionine-[35S]cysteine were used to infect both wild-type
bacteria and bacteria containing a tolA null mutation. Based on
the sequences of the mature capsid proteins (11) and the
amount of each capsid protein per particle (22), approximately
99% of the [3H]lysine and 96.5% of the [35S]methionine-
[35S]cysteine should be present in pVIII in these radiolabeled
phages. Bacteria were infected at a multiplicity of infection of
100 for 10 min, conditions which result in at least 95% of the
bacteria becoming infected (25). After the bacteria were
washed, the percentage of the radioactive protein associated
with the bacteria was determined (Table 1, experiment 1).
Approximately 4% of the radioactivity remained with the F1

strain compared to 0.16% with the F2 bacteria.
The infected F1 tolA null mutant strain (K17tolA/F1) con-

tained approximately 2% of the input level of radioactivity,
suggesting either that the pVIII had associated with the mem-
brane or that intact phages were tightly attached to the bacte-
ria. Membranes from the bacteria in this experiment were
isolated on a sucrose flotation gradient. This procedure yields
good separation of the cytoplasmic and outer membranes, as
judged by the positions of the NADH oxidase activity (Fig. 1A)
and the heavily stained outer membrane porins (Fig. 1B, lane
2), while leaving phages and phage fragments at the bottom of
the gradient (Fig. 1A). A major portion of the radioactive label
from the infected K17/F1 bacteria was associated with the
cytoplasmic membrane (Fig. 1A). Some label also was associ-
ated with the fraction containing the outer membrane proteins.

TABLE 1. Fate of pVIII following infection of
wild-type and tolA mutant E. coli

Expt Straina Label in
phagesb

% Input label remaining
with bacteria afterc:

Washing Shearing Subtilisin

1 K17/F2 [3H]Lys 0.16
K17/F1 3.98
K17tolA/F1 2.20

2 K91 [3H]Lys 4.18 3.62
K91tolA 3.35 0.85

3 K91 32P 8.35 6.16
K91tolA 7.97 1.68

4 K17/F1 [35S]Met-[35S]Cys 3.84 2.65 2.57
K17tolA/F1 2.61 0.47 0.35

5 K17/F1 [3H]Lys 2.24 2.24d

K17tolA/F1 3.21 1.08d

a All K17 strains are K17DE3, as described in Materials and Methods.
b The specific activity of the [3H]lysine-labeled phages was 2.5 to 3.5 3 104

cpm/1010 PFU, that of the [35S]methionine-[35S]cysteine-labeled phages was
1.8 3 104 cpm/1010 PFU, and that of the 32P-labeled phages was 3.7 3 103 cpm/
1010 PFU.

c Bacteria were grown to 2 3 108 per ml, infected for 10 min with the appro-
priately labeled bacteriophage at a multiplicity of infection of 100, and harvested
by centrifugation. The amount of radioactivity associated with the bacteria was
measured after sequential washing, shearing, and treatment with subtilisin as
described in Materials and Methods.

d Washed bacteria which were treated with subtilisin without shearing.
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However, the membranes from infected K17tolA/F1 or K17/F2

bacteria contained little if any radioactivity (Fig. 1C and D).
This suggested that the radioactivity associated with the F1

tolA null bacteria was the result of phages attached to the pili
and could be removed by subjecting the bacteria to shearing in
an omnimixer or by treatment with subtilisin, a protease which
has been shown to cleave the phage gene III protein (1, 9).
Table 1 (experiments 2 and 3) shows that shearing removed
radiolabeled phages from K91tolA mutant bacteria but not
K91 wild-type bacteria, regardless of whether the phage con-
tained the radioactive label in the protein or DNA. Shearing
followed by treatment with subtilisin, or protease treatment
alone, gave similar results (Table 1, experiments 4 and 5).

Presumably subtilisin would only cleave proteins located on
the surfaces of the bacteria and therefore would not affect
pVIII integrated into the cytoplasmic membrane. Even if sub-
tilisin did have access to the periplasmic face of the cytoplasmic
membrane under these experimental conditions, it should not
affect the radiolabeled residues of pVIII, since the methionine
is located in the transmembrane region and four of the five
lysines are located in the cytoplasm. Membranes from infected
K17/F1 bacteria which had been subjected to either shearing
alone or shearing plus subtilisin (Table 1, experiment 4) were
analyzed by sucrose gradient flotation centrifugation (Fig. 2A).
The distribution of radioactivity was the same, regardless of
protease treatment. When membranes from infected tolA mu-
tant bacteria were examined, very little radioactivity was pres-

ent in the cytoplasmic membrane (Fig. 2B). However, the
protease treatment appeared to reduce the amount of radio-
activity in the outer membrane portion of the gradient. The
radioactivity present in the outer membrane portion of the
gradient from infected tolA mutant bacteria might reflect
phages attached to pili in a protein-rich portion of the mem-
brane, such as an adhesion zone. The same experiments were
repeated with lysine-labeled phages and yielded essentially the
same results (Table 1 and data not shown).

Membrane insertion of pVIII correlates with the rate of
infection. TolA has been shown to consist of three domains: an
amino-terminal region anchored in the cytoplasmic membrane
(domain I) and a periplasmic region consisting of a 232-resi-
due-long helical region (domain II) attached to the carboxyl-
terminal region (domain III) that is essential for activity (4, 18,
19). Click and Webster (4) showed that deletions of various
regions of TolA slowed the rate of infection to varying degrees.
Removal of the entire periplasmic helical domain of TolA
(TolADII) resulted in a rate of infection approximately 10%
that found for wild-type bacteria. Deletion of the amino-ter-
minal half of domain II (TolADIIN) allowed a normal rate of
infection, while deletion of the carboxyl-terminal half of do-
main II (TolADIIC) reduced the rate of infection by approxi-
mately 50%. If insertion of pVIII requires TolA, then the
amount of pVIII inserted into the membrane in a 15-min
infection period should correlate with the rate of infection.

Figure 3 shows the flotation gradient profile of membranes

FIG. 1. Phage coat protein pVIII from infecting phages is not found in the inner membranes of either F2 or tolA mutant bacteria. (A, C, and D) Cultures of K17DE3
bacteria that were F1 (A), tolA/F1 (C), or F2 (D) were infected with [3H]lysine-labeled phages (Table 1, experiment 1). The washed bacteria were broken in a French
press, and the membrane fractions were separated by sucrose flotation gradient as described in Materials and Methods. The fractions, collected from the bottom of
the gradient, were assayed for NADH oxidase activity, and radioactivity, which is expressed as counts per minute (in thousands), was determined. The arrow in panel
A indicates the flotation position of both intact and broken phages. (B) Coomassie blue-stained SDS polyacrylamide gel of pooled fractions 1 to 5 (lane 1), 7 to 10 (lane
2), 11 to 13 (lane 3), and 14 to 18 (lane 4) from panel A. The arrows on the left indicate migration of protein standards with molecular masses (from the top) of 97,
45, 31, 21.5, and 14.4 kDa.
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from K17tolA/F1 bacteria containing the TolA deletion pro-
teins, which had been infected for 15 min with [35S]methio-
nine-[35S]cysteine-labeled phages at a multiplicity of infection
of 100. The membranes are from equal numbers of bacteria.

The bacteria containing TolA lacking the carboxyl half of do-
main II (TolADIIC) incorporated only half as much pVIII as
did bacteria lacking the amino-terminal half of domain II
(TolADIIN). Membranes from bacteria containing TolA lack-
ing the entire domain II (TolADII) had smaller, but detectable,
amounts of pVIII in the inner membranes (Fig. 3, inset). These
data give further evidence that TolA is required for insertion of
the pVIII coat protein into the membrane during infection
with the f1 filamentous phage.

TolQ and TolR are required for insertion of pVIII into the
cytoplasmic membrane during infection. Both TolQ and TolR
have been shown to be required for successful infection with
the f1 phage (27, 33). Expression of these proteins is coupled,
since translation of tolR is dependent on translation of the
upstream tolQ region (36). Bacteria containing a missense
mutation in tolQ (TPS66) or an insertion mutation in tolR
(TPS300) were infected with [3H]lysine-labeled phages and
analyzed for the presence of labeled pVIII in their cytoplasmic
membranes. To test bacteria containing a null mutation in tolQ,
a strain (TPS13) containing a polar amber mutation in tolQ was
used and TolR was supplied from a plasmid (pPGK101). As
shown in Fig. 4, no pVIII was detected in membranes from
bacteria lacking either TolQ or TolR following infection with
the radiolabeled phage.

DISCUSSION

Infection of E. coli by the Ff filamentous phages is initiated
by the binding of one end of the particle to the tip of the F
conjugative pilus. The phage capsid protein involved in this
binding event is pIII, approximately five copies of which are
located at one end of the phage particle. This minor capsid
protein is composed of three domains (26, 31), with the car-
boxyl-terminal domain (pIII-D3) anchoring the protein to the
phage particle, the amino-terminal domain (pIII-D1) involved
in the translocation of the DNA into the cytoplasm, and the
middle domain (pIII-D2) mediating the binding of the phage
particle to the tip of the pilus. Retraction of the pilus (12)
brings the bound phage to the bacterial surface, where the
amino-terminal domain of pIII (pIII-D1) interacts with the

FIG. 2. Subtilisin treatment of sheared bacteria infected with [35S]methio-
nine-[35S]cysteine-labeled phages. Cultures of K17DE3/F1 and K17DE3tolA/F1

bacteria infected with [35S]methionine-[35S]cysteine-labeled phages were washed,
sheared, divided in half, and then incubated in the presence (E) or absence (F)
of subtilisin (Table 1, experiment 4) as described in Materials and Methods.
Radiolabeled membranes (approximately 2 3 105 cpm of K17DE3/F1 bacteria
and 8 3 103 cpm of K17DE3tolA/F1 bacteria) were analyzed as described in the
legend to Fig. 1. Radioactivity, measured by counting 20 to 40% of each fraction
for 10 min, is expressed as a percentage of the total in the gradient.

FIG. 3. Infection of strains expressing TolA deletion mutant proteins. Cul-
tures of K17DE3tolA/F1 bacteria containing plasmids expressing either TolADIIN

(F), TolADIIC (h), TolADII (E), or no TolA (}) were infected for 15 min with
35S-labeled phages, and the membrane fractions of the washed cultures (approx-
imately 3 3 105 cpm) were analyzed as described in the legend to Fig. 1.
Radioactivity is expressed as a percentage of the total in the gradient. The inset
is an expanded scale comparing radioactivity in fractions 10 to 21 for bacteria
with TolADII (V) and for bacteria with no TolA (r). The washed cultures
contained 6.4, 6.0, 5.2, and 5.2% of the input radioactivity, respectively.

FIG. 4. Infection of tolQ and tolR mutant bacteria. Cultures of tol1 strain
GM1 (F), tolR::Cm mutant TPS300 ({), tolQ missense mutant TPS66 (‚), and
tolQ amber mutant TPS13 expressing TolR from plasmid pPGK101 (h) were
infected with [3H]lysine-labeled phages and analyzed as described in the legend
to Fig. 1. Radioactivity is expressed as a percentage of the total in the gradient
(approximately 1.5 3 105 cpm per strain).
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carboxyl-terminal end of the TolA protein (TolA domain III),
as described by Riechmann and Holliger (26). This interaction
requires that pIII be associated with the tip of the pilus, since
purified TolA domain III does not inhibit infection when
added to phage particles but does inhibit infection when it is
expressed in the periplasm (4). Since TolA domain III and
pIII-D2 have been shown to compete for binding to pIII-D1
(26), it would appear that the binding of the phage to the pilus
via pIII-D2 effectively removes pIII-D2 and makes pIII-D1
available for binding to domain III of TolA. This interpretation
is consistent with the earlier observation by Boeke et al. that
export into the periplasm of the amino-terminal 98 residues of
pIII (pIII-D1) prevented infection by f1, presumably by inter-
acting with domain III of TolA (3). However, these authors
also showed that export of the amino-terminal 200 residues of
pIII into the periplasm inhibited f1 phage infection. Since this
region contains both domains 1 and 2 of pIII, perhaps pIII-D1
interacts with pIII-D2 only when the complete pIII molecule is
present in the phage particle. In any event, the interaction of
the phage pIII with TolA domain III is essential for subsequent
steps in infection, since, in the absence of TolA, phage DNA is
unable to enter the cytoplasm (4, 27) and the major coat
protein, pVIII, is unable to enter the membrane (Table 1 and
Fig. 1).

Following exposure to large numbers of radioactive phages,
similar amounts of radioactive proteins remain associated with
F1 and F1 tolA mutant bacteria after they are washed, in
contrast to the smaller number associated with F2 bacteria
(Table 1). Membrane fractionation demonstrates that in the
F1 bacteria, the radioactive proteins are associated with the
cytoplasmic membrane fraction whereas the radioactivity as-
sociated with the F1 tolA bacteria appears to still be in phage
particles. The radioactivity associated with the F1 tolA bacteria
most likely reflects the ligand-receptor interaction of the phage
with the tip of the F pilus. The presence of 2 to 3% of the
radioactive phages (at a multiplicity of infection of 100) with
washed F1 tolA bacteria (Table 1) suggests that two to three
phages are associated with each bacterium, consistent with the
average number of pili present per bacterium. These phages
can be removed by shearing and washing, although further
analysis by flotation gradient centrifugation showed that de-
tectable radioactivity was still present in a dense fraction near
the position of the outer membrane (Fig. 2B). Further treat-
ment of the sheared bacteria with subtilisin removed some of
this radioactivity, suggesting that it might be composed of
pieces of sheared phages still attached to the withdrawn pilus
tips. Therefore, the radioactivity associated with the outer
membrane fractions of wild-type bacteria (Fig. 1A) may reflect
phages attached to withdrawn pili in protein-dense portions of
the membranes, such as adhesion zones. Further analysis is
necessary to determine if such a structure is truly an interme-
diate in the infective process.

It is perhaps the tight binding of the phage to the pilus,
making complete removal of phages from F1 bacteria difficult,
that led to the earlier suggestion that pVIII is able to enter the
membrane in a tolA mutant bacterium (29). We have found
that phages, or fragments of phages produced by shearing in a
French press, migrate with the inner membrane in tolA mutant
bacteria when the membrane fractions are separated on su-
crose step gradients after 18 to 24 h of centrifugation according
to the procedures of Smilowitz et al. (30) or Levengood and
Webster (17) (data not shown). The use of sucrose flotation
gradients in this study demonstrates that pVIII is not inserted
into the cytoplasmic membranes of the tolA mutant bacteria.
An alternative explanation is that the mutant used in these
earlier studies (29) may have been leaky to some extent.

TolA is required for the insertion of pVIII major capsid
protein from an infecting phage into the cytoplasmic mem-
brane, although the role that TolA plays in this process is not
clear. It has been suggested that shortening the TolA molecule,
by deleting domain II, might bring the phage closer to the
periplasmic face of the cytoplasmic membrane (4). One might
therefore expect the rate of entry of pVIII into the cytoplasmic
membrane to be enhanced by this proximity. However, the
efficiency of pVIII entry into the membrane remains propor-
tional to the rate of infection in bacteria containing the TolA
mutant proteins (Fig. 3), suggesting that it is not merely the
proximity of the phage capsid proteins to the cytoplasmic
membrane that allows the entrance of pVIII into the mem-
brane. Rather it indicates that DNA translocation and mem-
brane insertion of the capsid pVIII are closely coupled.

The pVIII major capsid protein from an infecting phage is
inserted into the cytoplasmic membrane in such a manner that
it can be assembled into a newly synthesized progeny phage
particle (2, 29). Therefore, it presumably has the same topol-
ogy in the membrane as newly synthesized pVIII, with the
carboxyl-terminal 11 amino acids exposed in the cytoplasm.
The process of insertion of pVIII from an infecting phage is
certainly different from that for newly synthesized pVIII, which
requires a 23-amino-acid signal sequence (14, 22). Insertion of
pVIII from an infecting phage resembles the reverse of the
assembly of mature pVIII around a newly synthesized phage
DNA molecule. The minor capsid proteins pVII and pIX of an
infecting phage may also be inserted into the membrane in a
reusable manner. This prediction is based on the observation
that infection of nonsuppressor strains of bacteria with gene
VII or IX amber mutant phages gives rise to the production of
between one and three infectious polyphages per bacterium, as
if the input pVII and pIX proteins were able to direct the
initiation of a phage particle (39). The fate of the input pIII or
pVI minor capsid protein is not well understood at this time.

Ff bacteriophages are unable to infect bacteria containing
mutations in any of the tolQ, -R, and -A genes (27, 32). The
data presented here demonstrate the requirement for the
TolQ, TolR, and TolA proteins for the insertion of pVIII into
the membrane. Therefore, the translocation of the DNA into
the cytoplasm may be coupled to the insertion of the capsid
proteins into the membrane. After the formation of the TolA
domain III-phage pIII complex, infection may proceed by sub-
sequent interaction of this complex first with TolR, which has
a large periplasmic domain (13, 23), and then with the entire
TolQRA complex. The interacting transmembrane helices of
TolQ, TolR, and TolA proteins (6, 16) could act as a channel
for the phage DNA to cross the membrane (26) while pVIII,
and perhaps the other capsid proteins, enters the cytoplasmic
membrane. The TolQRA complex may be directly responsible
for insertion of pVIII into the membrane in a manner similar
to that for translocation of colicins (the TolQRA proteins are
required for translocation of the group A colicins into or across
the inner membrane [15]). If this is the case, the insertion of
the coat protein into the cytoplasmic membrane may be the
driving force for passage of the DNA across some channel in
the membrane. Such a channel could be formed by pIII or by
pIII plus the Tol proteins, as suggested by Riechmann and
Holliger (26). Alternatively, the DNA channel may be solely a
property of the three Tol proteins. Further experimentation is
required to understand the interactions which occur at the
cytoplasmic membrane during phage infection.
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