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detect the virus in infected cells. Therefore, highly
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Direct visualization of filamentous phage infection
n Escherichia coli (E. coli) was attempted using bio-
inylated phages (BIO-phages). The biotinylation of
he phages did not influence their infectivity into E.
oli. E. coli infected with BIO-phages could be de-
ected by using fluorescein-conjugated avidin with
onfocal laser scanning microscopy, and BIO-phages
nd BIO-phage-derived proteins in E. coli could be
irectly observed by using the avidin–biotin–per-
xidase complex method with electron microscopy.
his is the first report of direct visualization of phage

nfection and phage-derived proteins in the host cell
sing a biotin–avidin interaction. This simple and
owerful method is applicable to the study of infection
y various viruses. © 2001 Academic Press

Key Words: filamentous phages; infection; biotin; avi-
in; microscopy.

Visualization of the viral infection process is useful
or studying the molecular and cellular mechanisms of
iral infection, and could provide information valuable
or the development of antiviral drugs. Previous stud-
es have reported various methods for the visualization
f viral infections, including fluorescein labeling of vi-
al particles using chemical modifications (1–4), inter-
alation of fluorescent lipids into envelopes (5, 6), and
enetic fusion of green fluorescent protein and viral
roteins (7, 8). However, the resolution of fluorescence
icroscopy is not as high as that of electron micros-

opy. Electron microscopy remains the major method
or visualizing directly the interaction between a virus
nd its host cell. However, this method is laborious if
any cells must be examined, and it is difficult to

1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 181-88-633-9426. E-mail: ishimura@basic.med.
okushima-u.ac.jp.
252006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
ensitive and simple methods to detect phages by using
lectron microscopy are required. The biotin–avidin
nteraction can be used to improve the visualization of
hages because avidin is known to bind to biotin with
xtremely high affinity (K d ;10215).
The filamentous phage is a virus that infects Esche-

ichia coli (E. coli) carrying F-pili, and it has been used
ot only as a tool of genetic engineering but also as a
odel for studying various virus actions, for example,

nfection. Here we report the direct visualization of
lamentous phage infection and phage-derived pro-
eins in E. coli. Filamentous phages were labeled with
-biotin–N-hydroxysuccinimide ester, and the biotinyl-
ted phage (BIO-phage) infections were examined by
sing avidin–biotin binding.

ATERIALS AND METHODS

Materials. D-Biotin-N-hydroxysuccinimide ester and Sephadex
25 column was purchased from Roche Molecular Biochemicals (To-
yo, Japan). Horseradish peroxidase (HRP)-conjugated anti-M13 an-
ibody, enhanced chemiluminescence Western blotting detection re-
gents, nitrocellulose membranes, and polyvinyldifluroide (PVDF)
embranes were purchased from Amersham Pharmacia Biotech

Tokyo, Japan). OsO4 and paraformaldehyde were purchased from
erck (Darmstadt, Germany), 3,39-diaminobenzidine (DAB) from
ojin (Kumamoto, Japan), the Vectastain ABC kit, fluorescein Avi-
in D, and VECTASHIELD mounting medium from Vector Labora-
ories (Burlingame, CA), and Epon-812, dodecenyl succinic anhy-
ride, methyl nadic anhydride, and 2,4,6-tridimethylaminomethyl
henol from TAAB (Reading, UK). All other reagents were of bio-
hemical research grade.

Preparation of biotinylated M13KO7 phages. M13KO7 phages
8 3 108 cfu) were suspended in phosphate-buffered solution (PBS)
nd then mixed with 50 mg of D-biotin-N-hydroxysuccinimide ester
BIO) for 2 h to prepare biotinylated phages (BIO-phages). The
eactions were stopped with glycine (final concentration, 50 mM),
nd remaining BIO was separated using a Sephadex G25 column.

Western blotting of BIO-phages. BIO-phages were subjected to
5–25% polyacrylamide gel electrophoresis in the presence of sodium
odecyl sulfate. Proteins were then transferred electrophoretically to



a nitrocellulose membrane. After blocking with PBS containing 2%
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kim milk (MPBS), the membrane was incubated with an avidin–
iotin–peroxidase complex for 30 min at room temperature. After
ashing with PBS containing 0.1% Tween 20, the blots were devel-
ped using a chemiluminescent substrate, and analyzed by a Lumi-
escent Image Analyzer LAS-1000 (Fuji Photo Film, Tokyo, Japan).

BIO-phage detection on a PVDF membrane. Detection of BIO-
hages was performed using quantitative dot blotting as described
reviously (9). Various amounts of BIO-phages were blotted on
VDF membranes according to the manufacturer’s recommenda-
ions. The membranes were washed once in PBS, blocked with
PBS, and incubated with HRP-conjugated anti-M13 antibody,
hich had been diluted 20,000 times, or with avidin–biotin–
eroxidase complex for 30 min at room temperature, and the detec-
ion was performed as described above.

Assessment of the infectivity of BIO-phages. Various concentra-
ions of BIO-phages or M13KO7 phages were applied to determina-
ions of colony forming units and quantification assays. To determine
he colony forming unit, 495 mL of E. coli JM109 solution that had
een cultured overnight was added to 5 mL of various concentrations
f BIO-phages or M13KO7 phages and incubated for 1 h at 37°C.
fter incubation, 50 mL of serially diluted cells were plated on LB
lates containing 50 mg/mL kanamycin, incubated overnight at 37°C,
nd then the number of bacteria colonies were counted. The phages
pplied to the colony forming units were quantified by using quan-
itative dot blotting with HRP-conjugated anti-M13 antibody as de-
cribed above.

Preparation of E. coli JM109 infected with BIO-phages. One hun-
red microliters of E. coli that had been cultured overnight were
ixed with BIO-phages (0.1–1.2 3 108 cfu) and incubated for 1 h at

7°C. After incubation, the cells were washed with PBS, fixed with
% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 10 min,
nd washed again with PBS. For control experiments, we prepared
. coli infected with M13KO7 phages with the same procedure.

Confocal microscopic observation of E. coli infected with BIO-
hages. E. coli infected with BIO-phages were reacted with avidin–
uorescein conjugate (25 mg/mL) for 30 min. After washing, the cells
ere pelleted, resuspended with VECTASHIELD mounting medium,
nd observed with confocal laser scanning microscopy (Leica TCS
T, Herderberg, Germany).

Electron microscopic observation of E. coli infected with BIO-
hage. E. coli infected with BIO-phages were incubated with PBS
ontaining 2% skim milk for 1 h at room temperature and then
ncubated with avidin–biotin–peroxidase complex for 30 min at room
emperature. After washing with PBS, peroxidase reactions were
erformed with 0.02% DAB and 0.03% H2O2. The cells were washed,
reated with 2% OsO4, dehydrated in a graded series of ethanol, and
mbedded in Epon epoxy resin. Ultrathin sections were cut with a
eichert Ultracut E (Leica Microsystems, Wetzlar, Germany) and
ere observed with a Hitachi H500 electron microscope (Hitachi,
okyo, Japan).

ESULTS

Assessment of the biotinylation of BIO-phages.
IO-phages were subjected to Western blotting, and
iotinylated proteins derived from the BIO-phages
ere detected (Fig. 1). In addition to bands of about 10
Da, a band of about 50 kDa was the main band de-
ected. Possible proteins near 10 kDa and about 50 kDa
n size were capsid proteins, including pVII, pVIII, and
IX and pIII, respectively, according to their molecular
eight. Therefore, coat proteins of the phages could be
iotinylated. Phage particles consisted mainly of about
253
700 copies of the major capsid protein pVIII. Possible
xtracellular labeling sites of pVIII by BIO are the
mines of the N-terminus, Lys-8, Asn-12, and Gln-15.
f pVIII were fully labeled with BIO, more than 10,000
olecules of BIO would be conjugated with one phage.
s shown in Fig. 1, however, biotinylation of pIII, a
inor coat protein, is almost identical to that of the

ther coat proteins, indicating that the biotinylation of
III could be more efficiently performed in comparison
ith the other coat proteins. Accessibility of the pIII
rotein to the solvent would increase the efficiency of
iotinylation.

Assessment of the sensitivity of BIO-phages. The
ensitivity of BIO-phages was assessed by quantitative
ot blotting (9) using HRP-conjugated anti-M13 anti-
ody or avidin–biotin–peroxidase complex. BIO-phage
etection with avidin–biotin–peroxidase complex was
ore sensitive than that using anti-M13 antibody (Fig.

). The ratio of avidin–biotin–peroxidase complex to
nti-M13 antibody was higher when high titration lev-
ls were used, and the maximum ratio was about 25 to
, indicating the high sensitivity of the avidin–biotin
nteraction.

Infectivity of BIO-phages. To examine the influence
f biotinylation on phage infectivity, we examined the
elation between the number of colony forming units
nd the quantity of phages. The relation was not sig-
ificantly different for BIO-phages and M13KO7

FIG. 1. Assessment of the biotinylation of phage using Western
lotting. BIO-phages were subjected to polyacrylamide gel electro-
horesis in the presence of sodium dodecyl sulfate and then trans-
erred to nitrocellulose membrane. After blocking, the membrane
as incubated with avidin–biotin–peroxidase complex and visual-

zed using a chemiluminescent substrate. Lane 1, molecular weight
arker; lane 2, BIO-phages.
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hages (Fig. 3); therefore, biotinylation did not influ-
nce the infectivity with E. coli JM109 carrying the
-pili.

Confocal microscopic observation of E. coli infected
ith BIO-phages. E. coli JM109 infected with BIO-
hages were reacted with avidin–fluorescein conjugate

FIG. 2. The sensitivity of BIO-phages. Fivefold dilutions of BIO-
hages or M13KO7 phages were blotted on PVDF membranes, incu-
ated with HRP-conjugated anti-M13 antibody (open circle) or
vidin–biotin–peroxidase complex (solid circle), and visualized using
chemiluminescent substrate. Relative intensity was expressed as a

atio with the intensity of 3.2 3 102 cfu of BIO-phages defined as 1.

FIG. 3. The infectivity of BIO-phages. To determine the colony
orming unit, E. coli JM109 was cultured overnight and mixed with
arious concentrations of BIO-phages (solid circle) or M13KO7
hages (open circle). After incubation, the solutions were plated and
ncubated overnight, and then the number of bacteria colonies were
ounted. Values are means 6 standard deviation from three separate
xperiments. The quantification of the phages applied to the colony-
orming units was performed by using quantitative dot blotting with
RP-conjugated anti-M13 antibody. BIO-phages were blotted on
VDF membranes, then incubated with HRP-conjugated anti-M13
ntibody, and visualized using a chemiluminescent substrate. Rela-
ive intensity was expressed as a ratio with the intensity of 5.4 3 103

fu of the M13KO7 phage being defined as 1.
254
nd observed with confocal laser scanning microscopy.
he infected E. coli showed fluorescence (Figs. 4a–4c,
g, and 4h). On the other hand, E. coli JM109 infected
ith M13KO7 showed no fluorescence (Figs. 4d and
e), indicating that the fluorescence was generated by
IO-phages. The infected cells showed various inten-
ities of fluorescence, and intracellular differences in
uorescence intensity were observed in the infected
ells (Figs. 4g and 4h).

Electron microscopic observation of E. coli infected
ith BIO-phages. E. coli JM109 infected with BIO-
hages were examined using electron microscopy. BIO-
hages and BIO-phage-derived proteins appeared
learly as black deposits of peroxidase reaction prod-
cts (Figs. 5a–5c). BIO-phages were detected as thick
laments or clusters covered with reaction products
Fig. 5b). The phage particle was observed as a thin
ine in the filament (Fig. 5c). In the cells, the reaction
roducts of BIO-phage-derived proteins were observed
n the outer membrane, periplasm fraction, and inner

embrane, but not in the cytoplasm. The density of
roducts near the phage-infected sites was higher than
ear noninfected sites.

ISCUSSION

Visualization of the viral infection process is useful
or studying molecular and cellular mechanisms of vi-
al infection. In previous studies, viral infections were
isualized by using fluorescein labeling of viral parti-

FIG. 4. Microscopic observation of E. coli infected with BIO-
hages. E. coli JM109 were cultured overnight and then mixed with
IO-phages (a–c, g, h) or M13KO7 (d, e). After incubation, the cells
ere fixed, reacted with avidin–fluorescence conjugate, and observed
ith a confocal laser scanning microscope. The images represent
uorescence (a, d, g), phase-contrast microscopy (b, e, h), and super-

mposed images of a and b, d and e, and g and h (c, f, i), respectively.
ars: a–f, 4 mm; g–h, 2 mm.
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les with chemical modification (1–4), intercalation of
uorescent lipids into the particle envelopes (5, 6), and
he fusion of green fluorescent protein and viral pro-

FIG. 5. Electron microscopic observation of E. coli infected with
IO-phages. E. coli JM109 was cultured overnight and mixed with
IO-phages. After incubation, the cells were fixed, reacted with avidin–
iotin–peroxidase complex and DAB, and observed with an electron
icroscope. BIO-phages and BIO-phage-derived proteins appeared

learly as black deposits of peroxidase reaction products (a–c). BIO-
hages were detected as thick filaments or clusters covered with reac-
ion products (arrows) (b), and the phage particle was observed as a thin
ine in the filament (arrowheads). (c) Closeup of the boxed region in b. In
he cells, the reaction products of the BIO-phage-derived proteins were
bserved in the outer membrane, periplasm, and inner membrane, but
ot in the cytoplasm. Original magnifications: a, 312,000; b, c, 324,000.
ars: a, 1 mm; b, 0.5 mm; c, 0.125 mm.
255
nd its observation using fluorescence microscopy
ade it possible to observe the movement of the virus
ithin the cells. To understand the interaction of the
irus and the host cells in detail, including the fusion of
he cellular and viral membranes, and to detect the
ocations of virus-derived proteins, more highly sensi-
ive high resolution methods were required.

The filamentous phage is a virus that infects Esche-
ichia coli (E. coli) carrying F-pili. It has been proposed
hat the infection is at least a two-step process (10).
he first step is the interaction of the pIII end of the
hage with the tip of the F-pilus of E. coli, and the
econd step is the integration of the capsid proteins
nd DNA of the phages into E. coli. No research, how-
ver, has been reported describing direct observations
f phages infected into E. coli, or, especially, of the
ocations of coat proteins during infection.

The ability of avidin and biotin to bind to each other
as been used as a molecular tool in biotechnological,
iagnostic, and therapeutic applications (11–13). Here,
e demonstrated the sensitivity of BIO-phage detec-

ion using avidin–biotin binding. In comparison to de-
ection with HRP-conjugated anti-M13 antibody, de-
ection using avidin–biotin–peroxidase complex was
bvious highly sensitive with dot blotting (Fig. 2). In
ddition, the infectivity into E. coli carrying the F-pili
Fig. 3) was not decreased by biotinylation, and E. coli
nfected with BIO-phages could be detected using the
vidin–fluorescein conjugate. Many cells exhibited var-
ous intensities of fluorescence (Fig. 4). Detection using
vidin–biotin binding also has many potential advan-
ages. The binding ability of biotin to avidin is very
igh (K d ;10215 M) (14). Because each protein has
any possible biotinylation sites, there are more bind-

ng sites for avidin than for antibodies. Therefore, the
etection using avidin–biotin binding provides high
ensitivity.
The electron microscopic study demonstrated that
IO-phages were present as thick filaments or clusters

Fig. 5). BIO-phage-derived proteins could also be de-
ected in the cells. The reaction products were observed
n the outer membrane, periplasm and inner mem-
rane, but not in the cytoplasm. These results clearly
upport the previous proposal (10) that the integration
f DNA into the host cell can be achieved via the
ssembly of phage coat proteins in the outer and inner
embranes of the host cell. Further developments,

ncluding site-specific biotinylation and the modifica-
ion of the detection method would be required to de-
ermine the location of each of the component phage
roteins in the cells.
In conclusion, this is the first report of visualization

f phage infection using biotinylated phages. Biotinyl-
ted coat proteins were localized in the outer mem-
rane, periplasmic fraction, and inner membrane could
e detected using the high sensitivity of the biotin–
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ection of phage both separate from and inside infected
ells. Furthermore, BIO-phage-derived proteins could
lso be detected in the cells. In addition, filamentous
hage have been used for phage display (15), which has
een successfully applied to the display of antibody
ragments (16) and peptides (17–19). Recently, phage
isplay libraries were applied to the selection of inter-
alizing antibodies (20) or peptides (21) for delivery

nto mammalian cells. BIO-phages could be used to
etect the phage in the cells and to assess the inter-
alization pathway in mammalian cells. Our BIO-
hages would also provide some advantages for the
tudy of filamentous phage infection into E. coli and
he internalization of filamentous phage into mamma-
ian cells. Finally, this biotinylation and detection

ethod may be applicable to various viruses, and
ould thus benefit studies of viral infections.
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