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Although a great deal is known about the life cycle of bacteriophage P22, the mechanism of phage DNA
transport into Salmonella is poorly understood. P22 DNA is initially ejected into the periplasmic space and
subsequently transported into the host cytoplasm. Three phage-encoded proteins (gp16, gp20, and gp7) are
coejected with the DNA. To test the hypothesis that one or more of these proteins mediate transport of the DNA
across the cytoplasmic membrane, we purified gp16, gp20, and gp7 and analyzed their ability to associate with
membranes and to facilitate DNA uptake into membrane vesicles in vitro. Membrane association experiments
revealed that gp16 partitioned into the membrane fraction, while gp20 and gp7 remained in the soluble
fraction. Moreover, the addition of gp16, but not gp7 or gp20, to liposomes preloaded with a fluorescent dye
promoted release of the dye. Transport of 32P-labeled DNA into liposomes occurred only in the presence of gp16
and an artificially created membrane potential. Taken together, these results suggest that gp16 partitions into
the cytoplasmic membrane and mediates the active transport of P22 DNA across the cytoplasmic membrane
of Salmonella.

Phages T2 and T4 are commonly depicted in textbook im-
ages performing a “hypodermic syringe-like” mechanism to
eject DNA from the phage into Escherichia coli (13, 14). This
led to the idea that phage DNA is directly injected into the
host cytoplasm by the contraction of the phage tail and driven
by the release of pressure within the phage head (13). More
recent evidence provided convincing evidence that this is not a
general mechanism of phage DNA transport into the bacterial
host (12, 32). The pressure inside the phage capsid due to
DNA compression (7, 29) may promote the initial ejection of
phage into the bacterial host, but the osmotic pressure within
the bacterial cytoplasm exerts an opposing force that prevents
complete transfer of phage DNA in vivo (13). For example, the
initial 850 bp of phage T7 DNA enters the cell rapidly, but the
remainder of the T7 genome is pulled into E. coli by RNA
polymerase (9, 10, 13).

Phage P22 is a temperate, icosahedral, “lambdoid” bacterio-
phage that is commonly used for generalized transduction in
Salmonella. P22 has a short, noncontractile tail that cannot pen-
etrate both the outer and inner membranes of its host. The P22
gene 9 protein forms the hexameric tail spike that specifically
recognizes the Salmonella O antigen. After reversible binding to
the O antigen, the endorhamnosidase activity of the tail spike
proteins cleaves the O-antigen subunits of the lipopolysaccharide
until the proteins recognize an uncharacterized secondary recep-
tor on the outer membrane of the host bacterium. Binding to the
secondary receptor triggers release of the phage DNA, together
with the phage-encoded ejection proteins (gp7, gp16, and gp20),
into the periplasmic space of the host (17).

The phage-encoded ejection proteins are essential for the via-
bility of the phage. One of the proposed functions of the ejection

proteins is to protect the phage DNA from degradation by nucle-
ases in the periplasmic space. In addition to protecting the DNA
from degradation, the phage-encoded ejection proteins may tar-
get the DNA to the cytoplasmic membrane and facilitate trans-
port into the cytoplasm (2, 17, 36).

As an initial step in transport of the phage DNA into the
cytoplasm, the ejection proteins could target the phage DNA
to the inner membrane of the host by binding to both the
phage DNA and the cytoplasmic membrane. If the ejection
proteins direct the translocation of the phage DNA across the
cytoplasmic membrane of Salmonella, at least one of these
proteins would be expected to interact with the lipid or a
protein within the cytoplasmic membrane. Bioinformatic
approaches have been used to determine if the three P22
ejection proteins have characteristics expected of membrane-
associated proteins. The hydropathy plot of gp7 led Conlin et
al. (5) to propose that the basic N terminus of gp7 might
interact with DNA, while the hydrophobic C terminus might
interact with the cytoplasmic membrane. In contrast, the se-
quence of gp20 is not homologous with any entries in the
database, and the hydropathy plot does not reveal insights that
suggest function (1). Umlauf and Dreiseikelmann reported an
absence of bioinformatic evidence for �-helical membrane-
spanning domains of gp16 (37). However, other reports sug-
gest that gp16 may polymerize in vivo (36) and thus may
associate with the membrane as amphipathic �-helices or mul-
timeric �-strand pores like those of the porins (11).

This study provides direct evidence that gp16 associates with
membrane lipids and mediates the transport of DNA by using
the energy of the electrochemical gradient. The results suggest
that P22-encoded proteins are necessary and sufficient for the
active transport of DNA from the periplasmic space into the
cytoplasm of the bacterial host.

MATERIALS AND METHODS

Plasmids and strains. The pET46 enterokinase/ligation-independent cloning
vector, NovaBlue cells, and E. coli BL21 expression host cells were purchased
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from Novagen (San Diego, CA). Plasmids with the appropriate inserts were
maintained in NovaBlue E. coli cells {endA1 hsdR17 (rK-12

� mK-12
�) supE44

thi-1 recA1 gyrA96 relA1 lac F� [proA�B� lacIqlacZ�M15::Tn10] (Tetr)}.
Chemicals. 1,2-Dilauryl-sn-glycerol-3-phosphatidylcholine was obtained from

Calbiochem. 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), isopropyl-�-D-thiogalactopyranoside (IPTG), lysozyme, sucrose, Tri-
ton X-114, chloroform, ether, proteinase K, potassium chloride, and Triton
X-100 were purchased from Fisher Scientific (Pittsburgh, PA). Calcein was
purchased from Sigma (St. Louis, MO). Rabbit anti-six-His antibody was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Horseradish peroxi-
dase-conjugated goat anti-rabbit secondary antibody was purchased from Jack-
son ImmunoResearch (West Grove, PA). DNase I was purchased from
Fermentas (Glen Burnie, MD). His-binding affinity column purification kits,
enterokinase, and Benzonase were purchased from Novagen (San Diego, CA).
The bicinchoninic acid protein assay was used to determine protein concentra-
tions (Pierce Biotechnology, Inc., Rockford, IL).

Vector construction. DNA sequences of genes coding for the P22 ejection
proteins (gp7, gp16, and gp20) were obtained from GenBank. The P22 DNA
template was extracted from concentrated P22 lysate as previously described
(23). Primer sequences used were as follows: gene 7 forward, 5�-GACGACGA
CAAGATGAAAGGCGGTAAAGGTGGCGCAGATAAAAGC-3�; gene 7 re-
verse, 5�-GAGGAGAAGCCCGGTTTAAAACAACGAGCCAAGCAGACCA
ATACC-3�; gene 16 forward, 5�-GACGACGACAAGATGAAAGTTACCGCT
AATGGCAAGACATTC-3�; gene 16 reverse, 5�-GAGGAGAAGCCCGGTCT
ACTGCCGGGTAGCTTCGTTAGCTAAAAG-3�; gene 20 forward, 5�-GACG
ACGACAAGATGGCTACGTGGCAGCAGGGCATTAATTCAGGT-3�; and
gene 20 reverse, 5�-GAGGAGAAGCCCGGTTTATTCCACCGTGAATTTAA
TGCCAGATTT-3�. Truncated constructs of gp16 were constructed by amplify-
ing shorter DNA derivatives of gene 16, using the same forward primer as that
shown above, but with a different reverse primer for each construct. Reverse
primers used were as follows: gp16�(531-609), 5�-GAGGAGAAGCCCGGT
CTATCCCACTGGAGCGCTTCCCATTCTATT-3�; gp16�(476-609), 5�-GA
GGAGAAGCCCGGTCTAACCAGTTTTTTCAGCAATCTTGCTGAT-3�;
and gp16�(301-609), 5�-GAGGAGAAGCCCGGTCTACTGTGTGACAAC
ATTTGCCGAATCAGA-3�.

The amplified sequences were cloned into the pET46 enterokinase/ligation-
independent cloning expression vector from Novagen, placing the six-His tag in
the N terminus of the expressed protein. The presence of the appropriate inserts
was confirmed by PCR, restriction digests, and DNA sequencing. Expression
vectors with the correct inserts were electroporated into the expression host cell
line BL21 from Novagen and then plated on LB agar plates with 100 �g/ml
ampicillin.

Protein expression and purification. BL21 cells with each plasmid clone were
inoculated into 100 ml of LB broth with 100 �g/ml ampicillin and incubated in
a 37°C shaker until mid-exponential-phase growth. IPTG was added to a final
concentration of 1 mM to induce protein expression, and the cultures were
reincubated for an additional 3 h in a 30°C shaker. The cells were then centri-
fuged at 3,842 � g for 30 min at 4°C. The supernatant was removed, and the
pellet was resuspended in 4 ml of lysis buffer (50 mM NaH2PO4, pH 8, 300 mM
NaCl, 10 mM imidazole, 10 mM CHAPS). Lysozyme was added to 0.5 mg/ml,
and 100 units of Benzonase was also added to reduce the viscosity of the lysate.
The lysate was incubated on ice for 30 min with occasional swirling and then
sonicated three times using a Fisher Scientific model 100 ultrasonic dismembra-
tor. The sonicated lysate was centrifuged at 11,000 � g for 30 min at 4°C. The
supernatant was added to a column containing a 200-�l bed volume of nickel-
charged His-binding resin, and samples were eluted at a flow rate of ca. 1 ml/min.
The resin was washed three times with 1� binding buffer (50 mM NaH2PO4, pH
8, 300 mM NaCl, 10 mM CHAPS, 20 mM imidazole) and twice with 1� wash
buffer (50 mM NaH2PO4, pH 8, 300 mM NaCl, 10 mM CHAPS, 60 mM imida-
zole) before the six-His-tagged ejection protein was eluted three times with 200
�l (each time) of 1� elution buffer (50 mM NaH2PO4, pH 8, 300 mM NaCl, 10
mM CHAPS, 1 M imidazole). The 1 M imidazole was removed from the eluted
ejection protein by using a Centricon filter with a molecular mass cutoff of 5 kDa
and by washing the ejection protein with 20 mM Tris buffer, pH 8–100 mM NaCl.
The purified proteins were treated with enterokinase to remove the N-terminal
six-His tag prior to using the purified proteins in the membrane disruption and
DNA transport assays.

Membrane partitioning of ejection proteins. The preparation of the Salmo-
nella membrane extracts and the membrane partitioning assay were adapted
from the work of Muro-Pastor et al. (26). Briefly, cells were grown to log phase
in 500 ml of LB broth and then centrifuged for 30 min at 4°C and 3,800 � g, using
a Sorvall GSA rotor. The pellet was resuspended in 20 ml of 0.1 M cacodylic
buffer, pH 6.8, and then lysed twice using a French pressure cell at 12,000 lb/in2.

The lysate was centrifuged for 10 min at 4°C and 7,800 � g, using a Sorvall SS-34
rotor, to pellet the cell debris. The supernatant was centrifuged at 228,000 � g for
3 h, using a Beckman Vti 65.2 class H rotor, to isolate the membrane fraction.
The pellet containing the membrane vesicles was resuspended in 3 ml of 0.1 M
cacodylic buffer with 5% glycerol. The membrane extract was passed through a
23-gauge syringe needle at least five times prior to performing the assay. A final
concentration of 4 �M of the nickel-purified ejection proteins was mixed with
125 �l of the membrane extract in a total volume of 500 �l. MgCl2 was added to
a final concentration of 10 mM. The mixture was separated by two-step sucrose
gradient ultracentrifugation (25% and 65% sucrose layers) at 96,000 � g for 3 h,
using a Ti44 rotor. After centrifugation, 20 �l of the soluble fraction found on
top of the 25% layer and 20 �l of the membrane fraction found between the two
sucrose layers were loaded on a 10.5% sodium dodecyl sulfate (SDS)-polyacryl-
amide gel. The proteins in the gel were transferred to a polyvinylidene difluoride
(PVDF) membrane and probed with the rabbit anti-six-His antibody.

Western blotting. The rabbit anti-six-His antibody was used at a 1:1,500 dilu-
tion. A goat anti-rabbit secondary antibody conjugated with horseradish perox-
idase was used at a 1:10,000 dilution (31).

Triton X-114 phase separation of ejection proteins. Triton X-114 phase sep-
aration of the ejection proteins was performed as described by Muro-Pastor et al.
(26).

Liposome reconstitution. Liposomes with large internal aqueous space or
liposomes with encapsulated calcein fluorescent dye were created by reverse-
phase evaporation, using the procedure described by Szoka and Papahadjopou-
los (35). All preparations contained 66 �mol of total lipid per ml of aqueous
phase. A thin film of phospholipid was formed on the wall of a round-bottomed
flask by rotary evaporation of the chloroform at 42°C. The thin film of phospho-
lipid was resuspended in 3 ml of diethyl ether, and then 1 ml of 20 mM Tris (pH
7.4)–100 mM NaCl was added to the phospholipid suspension to serve as the
aqueous phase encapsulated within the liposomes. When encapsulation of fluo-
rescent dye was desired, 1 ml of 40 mM calcein was added to the aqueous phase.
Rotary evaporation of the diethyl ether allowed the thin layer of phospholipid to
gradually form liposomes around the aqueous layer. Rotary evaporation was
performed for approximately 2 h at room temperature until all traces of ether
had been removed from the sample. The liposomes were then passed through a
Sepharose 4B column to remove nonencapsulated material and residual organic
solvent. To confirm that the liposomes were intact, an aliquot of the reconsti-
tuted liposome fraction was negatively stained and examined under a transmis-
sion electron microscope.

Liposomal partitioning assay. A final concentration of 0.15 �M of the nickel-
purified ejection proteins was mixed with 66 mM liposomes in a total volume of
150 �l. The mixture of liposomes and ejection proteins was rocked at room
temperature for 30 min prior to ultracentrifugation at 227,640 � g for 40 min in
a TLA-100.1 rotor. The supernatant was transferred to a microcentrifuge tube,
and the pelleted liposomes were resuspended in 150 �l of 20 mM Tris, pH
7.4–100 mM NaCl. The soluble and liposomal fractions (20 �l of each) were
heated for 5 min at 99°C in 4 �l of 6� SDS gel sample buffer and then loaded
on a 12% SDS-polyacrylamide gel (31). The proteins were transferred to a
PVDF membrane, and the membrane was probed with rabbit anti-six-His anti-
body to determine where the proteins partitioned.

Membrane leakage assay. The ability of the ejection proteins to disrupt mem-
branes was assayed as described by Zhu et al. (38) and Galloux et al. (8). Briefly,
calcein was encapsulated inside liposomes. Molecular crowding inside liposomes
inhibits calcein fluorescence, but fluorescence is enhanced upon release from the
liposomes. A final concentration of 100 nM of the ejection proteins was added to
0.66 mM liposomes in a total volume of 100 �l. The samples were excited at 490
nm, and the relative fluorescence of each sample was followed for 3 min at an
emission wavelength of 510 nm. Total dye release was completed by the addition
of 20 �l of 1% Triton X-100. Background fluorescence from the liposomes alone
was subtracted from the fluorescence reading of each sample. Bovine serum
albumin (BSA) was used as the negative control, and ethanol was used as the
positive control, resulting in complete disruption of the liposomes (38). The
percent relative fluorescence for each sample was calculated as follows: percent
relative fluorescence 	 (FP � FB) � 100/(FT � FB), where FP is the fluorescence
intensity of the dye released by the protein, FT is the fluorescence intensity of the
total dye released, and FB is the background fluorescence intensity.

DNA transport assay. The transport of DNA across membranes was studied in
vitro by following the uptake of 32P-labeled bla DNA into liposomes. DNA from
the pUC19 bla gene was PCR amplified using the following forward and reverse
primers: 5�-GACGACGACAAGATGAGTATTCAACATTTCCGTGTCGCC
CTTATTCCC-3� and 5�-GAGGAGAAGCCCGGTTTACCAATGCTTAATC
AGTGAGGCACCTATCTC-3�. The PCR product was 5� end labeled using T4
polynucleotide kinase (New England Biolabs) and 20 �Ci of 6,000-Ci/mmol
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[
-32P]ATP (30). A final concentration of 100 nM of ejection proteins was added
to 1 nM of the radiolabeled DNA. Controls lacking ejection proteins were
performed concurrently. The samples were incubated at 4°C for 1 h to allow the
ejection proteins to potentially bind the DNA before adding 20 �l of 66 mM
liposome to each sample. The samples were incubated at room temperature for
at least 1 h, and then 1 unit of DNase I was added to each sample. The samples
were incubated at 30°C for 1 h to degrade any DNA molecules that were not
transported inside the liposomes, and then 2 �l of 25 mM EDTA was added to
stop the DNase I reaction. The liposomes were centrifuged at 8,000 � g for 2 min
and then washed with 20 mM Tris, pH 7.4. The pelleted liposomes were resus-
pended in 20 mM Tris buffer containing 60 �g of proteinase K and 2% Triton
X-100. Samples were separated in a 5% native polyacrylamide gel, and the gel
was vacuum dried for phosphorimaging.

Artificial membrane potential across liposomal membrane. Liposomes (66
�mol of total lipid) were reconstituted in 1 ml of buffer solution containing 100
mM KCl, 20 mM Tris, pH 7. The buffer outside the liposomes was changed to 20
mM KCl, 20 mM Tris, pH 7, by carefully pouring the liposomes into a Bio-Rad
Poly-Prep chromatography column (Hercules, CA) and equilibrating the column
with a buffer containing 20 mM KCl. The column was capped, and the liposomes
were resuspended in 1 ml of 20 mM KCl, 20 mM Tris, pH 7. Prior to performing
the DNA transport assay, 1 �l of 100 mM valinomycin was added to the lipo-
somes to equilibrate the potassium ion concentration inside and outside the
liposomes. This created a net negative charge inside the liposomes, with approx-
imately 100 mM Cl� in the interior and 20 mM Cl� in the exterior of the
liposomes.

RESULTS

Do the P22 ejection proteins associate with the membrane?
If the ejection proteins facilitate transport of DNA across the
cytoplasmic membrane, at least one of the ejection proteins
must associate with the Salmonella cytoplasmic membrane. To
test whether the ejection proteins alone or in combination
partition into the cytoplasmic membrane, a membrane parti-
tioning experiment was conducted. Purified ejection proteins

or combinations of the proteins were added to membrane
extracts purified from Salmonella serovar Typhimurium. The
ejection proteins were allowed to equilibrate between the sol-
uble and membrane fractions at room temperature for 30 min,
and then the samples were separated in a sucrose step gradi-
ent. The material on top of the 25% sucrose contained the
soluble fraction, and the material between the two layers con-
tained the membrane fraction (26). The soluble and membrane
fractions were separated in a 10.5% SDS-polyacrylamide gel,
and the proteins were transferred to a PVDF membrane for
Western blotting with rabbit anti-six-His. Both six-His–gp16
and the mixture of all three ejection proteins showed more
six-His–gp16 protein in the membrane fraction than in the
soluble fraction, indicating that six-His–gp16 partitions into the
membrane fraction (Fig. 1A and B). In contrast, six-His–gp20
and six-His–gp7 remained primarily in the soluble fraction.

The observed partitioning could be due to interactions of
gp16 with integral membrane proteins or to hydrophobic in-
teractions with membrane lipids. To distinguish between these
possibilities, Triton X-114 was used in lieu of the membrane
extract from Salmonella. Proteins mixed with Triton X-114 at
0°C form a monophasic solution. However, when this solution
is incubated at 30°C, it separates into two phases, with an
upper, aqueous phase and a lower, hydrophobic phase (3, 6,
28). Partitioning into the hydrophobic phase is characteristic of
proteins that interact with membrane lipids. The purified gp16
partitioned into the hydrophobic Triton X-114 phase, while
gp20 and gp7 partitioned into the aqueous phase (Fig. 1C).
BSA was used as a control to confirm that soluble proteins
partitioned into the aqueous phase, and the E. coli lactose

FIG. 1. Membrane partitioning of ejection proteins. Membrane partitioning of individual ejection proteins (A) and the preformed protein
complex (B) in crude membrane extract from Salmonella serovar Typhimurium. Proteins were detected by Western blotting with the rabbit
anti-six-His antibody after transfer of the proteins to a PVDF membrane. S, soluble fraction; M, membrane fraction; PPC, preformed protein
complex. (C) Partitioning of the preformed protein complex in Triton X-114 was detected by Western blotting with the rabbit anti-six-His antibody
after transfer of the proteins to a PVDF membrane. Aq, aqueous phase; Det, detergent phase. (D) Controls demonstrating partitioning of BSA
into the aqueous phase and the partitioning of the E. coli lactose permease (LacY) into the detergent phase. Proteins were detected by staining
with Coomassie brilliant blue. (E) Liposomal partitioning of the ejection proteins. Proteins were detected by probing the PVDF membrane with
the rabbit anti-six-His antibody. S, soluble fraction; L, liposomal fraction. (F) Domain of gp16 responsible for membrane association. Truncated
constructs of gp16 were cloned and expressed in the E. coli expression host and purified using a nickel column. Each construct was subjected to
the liposomal partitioning assay to determine if the construct would partition into the liposomal fraction or remain in the soluble fraction. The
different constructs were detected on the PVDF membrane by using rabbit anti-six-His antibody.
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permease (LacY) was used as a control to confirm that mem-
brane proteins partitioned into the hydrophobic phase of Tri-
ton X-114 (Fig. 1D).

The membrane partitioning behavior of the ejection pro-
teins was also confirmed by assaying their association with
reconstituted liposomes. The liposomal partitioning assay con-
firmed the results obtained from the membrane partitioning
assay and the partitioning of the ejection proteins in Triton
X-114. gp16 was again found in the liposomal fraction, while
gp20 and gp7 were found primarily in the soluble fraction (Fig.
1E). The overall behavior of the individual proteins in the
liposomal partitioning assay was very similar to their behavior
as part of the combined proteins, except that when the com-
bined proteins were assayed, more gp16 protein was found in
the soluble fraction and more gp20 was found in the liposomal
fraction, possibly due to protein-protein interactions.

To determine the domain of gp16 required for membrane
association, truncated constructs of gp16 were cloned into
pET46 and expressed in E. coli BL21. All of the constructs of
gp16 were truncated at the C-terminal end. The purified full-
length (609 amino acids) and truncated constructs of gp16
were assayed for liposomal partitioning. gp16 derivatives trun-
cated from residues 476 to 609 partitioned into the liposomal
fraction (Fig. 1F), implying that the C terminus of gp16 is not
required for membrane association. In contrast, derivatives

that were truncated from residues 301 to 609 partitioned in the
soluble fraction instead of the liposomal fraction, suggesting
that the domain between amino acids 301 and 475 is critical for
proper folding or membrane association of gp16.

Do the ejection proteins affect membrane integrity? If the
ejection proteins form membrane channels, then the proteins
may disrupt liposomes. To test this possibility, we used lipo-
somes containing the dye calcein. Molecular crowding inside
liposomes limits the fluorescence of calcein, and thus, release
of the dye from the liposomes results in increased fluorescence.
Of the three ejection proteins, only gp16 promoted release of
the fluorescent dye from inside the liposomes (Fig. 2A). The
increase in fluorescence was concentration dependent (Fig.
2B) and was observed within seconds after the addition of gp16
to the liposomes (Fig. 2C). The addition of gp16 proteins did
not lyse the liposomes, as evidenced by electron micrographs
showing intact liposomes (data not shown). This suggests that
gp16 forms membrane channels to allow the release of calcein
from within the liposomes.

Do ejection proteins facilitate DNA transport? The ability of
the ejection proteins to facilitate DNA transport across mem-
branes was investigated by following the uptake of 32P-labeled
DNA into liposomes. After allowing time for DNA uptake,
DNase I was added to degrade any extraliposomal DNA, al-
lowing quantitation of DNA uptake into the liposomes. The

FIG. 2. Membrane-disrupting activity of the ejection proteins. Samples were excited at 490 nm and were read at an emission wavelength of 510
nm. Ethanol was used as the positive control, inducing almost complete lysis of the liposomes, and BSA was used as the negative control. The
percent relative fluorescence was determined by calculating the ratio of the relative fluorescence values of the different samples to the relative
fluorescence exhibited with 0.2% Triton X-100. (A) The ejection proteins, BSA, and ethanol were added to liposomes with encapsulated
fluorescent dye to determine their membrane-disrupting activity. The bar graph depicts the percent relative fluorescence at the 2-min time point.
(B) Increasing concentrations of the gp16 protein were added to liposomes with encapsulated calcein dye to determine if dye leakage is
concentration dependent. The graph reflects the percent relative fluorescence 2 min after the protein was added. (C) Triton X-100, gp16, and gp7
were added to the liposomes after 2 min of background fluorescence reading. After another 2 min, Triton X-100 was added to the liposomes with
gp7 to demonstrate that the fluorescent dye was still inside the liposomes.
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added DNA was completely degraded by DNase I within 1 h at
30°C in the presence of 10 nM ejection proteins without mem-
branes or in the presence of membranes without ejection pro-
teins (data not shown).

No transport of DNA was observed in the absence of ejec-
tion proteins. Transport of radiolabeled DNA was optimal
when gp16 was added (Fig. 3). Moreover, transport of the
radiolabeled DNA occurred only in the presence of a mem-
brane potential across the liposomal membrane. This suggests
that the transport of phage P22 DNA across the cytoplasmic
membrane of Salmonella is dependent on gp16 and the mem-
brane potential of the host cell.

DISCUSSION

The process of phage infection requires translocation of the
phage DNA across the cytoplasmic membrane of the host cell.
For most phages, the mechanism whereby phage DNA is trans-
ported across the inner membrane of the bacterial host has
remained elusive. The process of phage DNA translocation
into the host cytoplasm may occur by different mechanisms in
different types of phages. Susskind et al. (34) provided con-
vincing evidence that P22 DNA is initially released into the
periplasmic space and subsequently transported into the host
cytoplasm. Our results indicate that for phage P22, the phage-
encoded ejection protein gp16 is sufficient to catalyze the
transport of DNA across the membrane in vitro. The mem-
brane potential across the liposomal membrane is required to
drive DNA transport into the liposome. Since DNA is a neg-
atively charged molecule and the inside of the liposomes is also
negatively charged, we expect that the DNA is associated with
counterions upon transport into the liposomes.

P22 gp16 partitions into hydrophobic membranes. Deletion
analysis indicated that a central segment of gp16 (amino acids
301 to 475) is critical for membrane association. Bioinformatic
analysis reveals that this region has two potential amphipathic
�-helices long enough to span the cytoplasmic membrane.
Thomas and Prevelige (36) reported that gp16 self-polymerizes
into large structures in a concentration-dependent manner.
Hence, the amphipathic �-helices from multiple gp16 proteins
may interact to form a channel to transport a large, hydrophilic
DNA molecule.

The liposomal transport assay revealed that DNA transport

by gp16 requires a membrane potential across the liposomal
bilayer. In support of these in vitro results, uptake of P22 DNA
in vivo is dependent on the membrane potential of the host
(G. L. Perez and S. Maloy, submitted for publication). This
agrees with previous studies showing that phage T4 and T7
infection in E. coli requires a minimum threshold membrane
potential (19–21).

Although the addition of gp16 is necessary and sufficient for
DNA transport in vitro, the other ejection proteins are essen-
tial during P22 infection (4, 17, 27). Previous studies indicate
that gp7 and gp20 may be required to protect the phage DNA
in the periplasmic space. In addition, they may be required
during the recircularization of the phage DNA once the linear
double-stranded DNA has entered the host cytoplasm (2).

With only a few exceptions, the mechanism of translocation
of phage DNA into the bacterial host is poorly understood (18,
19, 22, 32, 33). However, it is clear that proteins coejected with
DNA also facilitate the transport of DNA from other phage
across the cytoplasmic membrane. The uptake of DNA from
phage T7 is the best-understood example. Like that of P22, the
T7 tail is too short to span the E. coli cell envelope, so a
membrane channel is required to allow the phage DNA to
enter the cytoplasm. Molineux et al. (18, 24, 25) proposed that
virion proteins ejected into the cell functionally endow T7 with
an extensible tail. The proteins ejected from T7 catalyze the
localized degradation of the cell wall (24, 25), form a channel
across the cell envelope, and facilitate the translocation of the
leading end of the phage genome in an enzyme-catalyzed re-
action (9, 10, 19, 33). Entry of the first 850 bp of T7 DNA is
controlled by a phage-encoded protein ejected from the phage
head at the time of infection (10, 19, 33). Elegant experiments
by Molineux and colleagues demonstrated that the transport of
phage T7 DNA across the cytoplasmic membrane of E. coli is
enzyme driven, not dependent on the pressure within the
phage capsid (26). After the initial 850 bp of T7 DNA enter the
host cell, T7 DNA is pulled into the E. coli cytoplasm by RNA
polymerases in a transcription-dependent manner.

Although phage-encoded proteins are required for transport
of both P22 and T7 DNAs, the mechanisms are quite different.
In contrast to the case for T7, the ejected proteins from P22
probably do not form an extensible tail. P22 gp16 can function
in trans when Salmonella is coinfected with a gp16-negative
P22 particle and a UV-inactivated P22 particle (15, 16). The
difference in mechanism between P22 and T7 may be a con-
sequence of differences in DNA packaging of these two
phages. The transcription-dependent mechanism used by
phage T7 relies on RNA polymerase binding sites located in
the initial 850 bp of the T7 genome that enters the host cell.
However, P22 DNA is inserted into the phage head by a head-
ful packaging mechanism, and thus, the packaged DNA is
circularly permuted. P22 is also an effective generalized trans-
ducing phage that can incorporate random fragments of the
Salmonella host genome by a headful packaging mechanism.
Because the initial ends of the DNA fragments have different
RNA polymerase binding sites and because transport into li-
posomes can occur in vitro without additional enzymes, it is
unlikely that P22 DNA is pulled into the host by a mechanism
like that of T7.

In summary, these studies show that the P22-encoded pro-

FIG. 3. Transport of DNA inside liposomes is gp16 and membrane
potential dependent. Ejection proteins were incubated with radiola-
beled DNA prior to adding liposomes to the mixture. After 1 h at room
temperature, DNase I was added to digest all untransported DNA.
Liposomes were disrupted with Triton X-100 plus proteinase K, and
samples were run in a 5% native polyacrylamide gel. The gel was
vacuum dried and visualized with a phosphorimager. The artificial
membrane potential was created by maintaining 100 mM KCl inside
and 20 mM KCl outside the liposomes. The addition of valinomycin
equilibrates the [K�] inside and outside the liposomes, generating a
net negative charge inside the liposomes. Radiolabeled DNA was
loaded in the first lane to mark the mobility of the DNA.
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tein gp16 and the host membrane potential are necessary and
sufficient for DNA translocation across the membrane in vitro.
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