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The irreversible binding of bacteriophages to their receptor(s) in
the host cell surface triggers release of the naked genome from the
virion followed by transit of viral DNA to the host cell cytoplasm.
We have purified, for the first time, a receptor from a Gram-positive
bacterium that is active to trigger viral DNA ejection in vitro. This
extracellular region (“ectodomain”) of the Bacillus subtilis protein
YueB (YueB780) was a 7 S elongated dimer forming a 36.5-nm-long
fiber. YueB780 bound to the tail tip of bacteriophage SPPI1.
Although a stable receptor-phage interaction occurred between 0
and 37 °C, complete blocking of phage DNA release or partial ejec-
tion events were observed at temperatures below 15 °C. We also
showed that the receptor was exposed to the B. subtilis surface.
YueB differed structurally from phage receptors from Gram-nega-
tive bacteria. Its properties revealed a fiber spanning the full length
of the 30-nm-thick peptidoglycan layer. The fiber is predicted to be
anchored in the cell membrane through transmembrane segments.
These features, highly suitable for a virus receptor in Gram-positive
bacteria, are very likely shared by a large number of phage receptors.

Virus interaction with one or several cellular receptors is an essential
step for recognition of the host cell and for commitment of the virus to
initiate infection. Animal, plant, fungi, Archaea, and bacterial cells have
different surfaces that impose distinct barriers for virus entry. Strategies
to overcome these barriers and the receptors targeted by viruses are
expectedly different (1, 2). More than 95% of the known bacterial viruses
(bacteriophages) use a tail structure to recognize the host cell surface
and to deliver their double-stranded DNA genome to the bacterial cyto-
plasm. The DNA enters naked into the cell, with the empty phage par-
ticle remaining in the exterior of the bacterium (3). Phage adsorption to
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bacteria involves the specific interaction between tail adhesins and sur-
face-exposed receptors of the host cell envelope. Adsorption of a par-
ticular phage may involve more than one cellular receptor, and binding
can occur in a reversible or irreversible manner (4).

Phage receptors are found in surface-exposed organelles, such as fla-
gella or pili, in the outer membrane of Gram-negative bacteria and in the
thick peptidoglycan cell wall of Gram-positive bacteria (1, 2). Porins,
affinity transporters, and lipopolysaccharides are the most common
outer membrane components that act as receptors for tailed phages
infecting Gram-negative bacteria (2). Outer membrane proteins known
to act as phage receptors have been purified and their structures deter-
mined (5-7). They all share a channel-forming, B-barrel region orga-
nized by a variable number of antiparallel B-strands and can function as
monomeric (FhuA) or trimeric (OmpA, OmpC, LamB) proteins (5-7).

The structures of phage receptors in Gram-positive bacteria is
unknown. It is thought that phages initially adsorb in a reversible way to
a general component of the cell wall prior to irreversible binding to a
specific receptor (8,9). The proteins GamR (Bacillus anthracis) (10), Pip
(Lactococcus lactis) (11), and its orthologue YueB (Bacillus subtilis) (12)
were identified genetically as phage receptors. Here we have described
the purification and biochemical characterization of the YueB ectodo-
main harboring the SPP1 receptor activity (YueB780). The dimeric
receptor was a 36.5-nm fiber that bound strongly to the tail tip of the
SPP1 non-contractile tail and triggered DNA ejection in vitro. This was
the first active virus receptor purified from Gram-positive bacteria. Its
properties were significantly different from the known phage receptors
of Gram-negative bacteria.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Phages, and Plasmids—B. subtilis YB886 (13) was
used for infection with bacteriophage SPP1 wild type as described pre-
viously (14). B. subtilis CJS1 and CJS3 (12) were used for the immuno-
labeling experiments of YueB at the bacterial surface. E. coli CG61 is a
derivative of strain BL21 (Stratagene) harboring plasmid pGP1-2,
which expresses T7 RNA polymerase gene I upon thermoinduction
(15). E. coli CG61 cells transformed with plasmids pIVEX2.3d (Roche
Applied Science) or pCSJ65 were selected in medium supplemented
with ampicillin (100 pg/ml) and kanamycin (40 pg/ml). Construct
pCSJ65 (12) is a pIVEX2.3d derivative carrying a truncated version of
the receptor gene yueB. It codes for a polypeptide composed of YueB
residues from positions 30 -797 C-terminally fused to a hexahistidine-
containing tag (YueB780) (Fig. 1). All strains were grown in LB at 37 °C,
with the exception of E. coli CG61, which was grown at 28 °C.
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Purification of the His-tagged Receptor Version YueB780 and Pro-
duction of Anti-YueB780 Antibodies—Ten-milliliter cultures of strain
CG61 carrying pCSJ65 (12) were grown overnight at 28 °C, diluted 100-
fold in fresh medium, and incubated in the same conditions until reach-
ing an absorbance at 600 nm of 0.3—0.4. YueB780 production was
induced by incubating cultures in a 42 °C water bath for 30 min, and
protein synthesis was continued for an additional period of 3 h at 37 °C.
Cells were collected by centrifugation (10,000 X g for 10 min at 4 °C),
resuspended in 20 ml of ice-cold lysis buffer (50 mm Hepes-Na, pH 7.0,
300 mm NaCl, 50 mMm imidazole) supplemented with 1 mg/ml fresh
lysozyme and a mixture of antiproteases (Complete™ EDTA-free,
Roche Applied Science) and then disrupted by performing three bursts
of 1 min (amplitude 60, pulse 3, 30-40 W) in a sonicator (Vibra Cell
72405, Fisher Bioblock, Illkirch, France) with pauses of 1 min. The sam-
ple was kept on ice to prevent overheating. Crude extracts were centri-
fuged (30,000 X g for 30 min at 4 °C) to remove insoluble material and
the soluble fraction filtered through a pore size of 0.22 um. The cleared
extract was run through a HisTrap™ HP column (Amersham Bio-
sciences AB, Uppsala, Sweden) coupled to an Akta fast protein liquid
chromatography system (Amersham Biosciences AB, Uppsala, Swe-
den). The column was eluted with a linear gradient of 50-500 mMm
imidazole in receptor buffer (50 mm Hepes-Na, pH 7.0, 300 mm NaCl).
Partially purified YueB780 was then applied to a Superose 6 column
(Amersham Biosciences AB) equilibrated in receptor buffer and run ata
flow rate of 1 ml/min. Pure YueB780 was kept in receptor buffer at 4 °C
for short periods or at —80 °C for long term storage. All receptor con-
centrations were calculated for YueB780 dimers. SDS-PAGE, Western
blot, and protein concentration determination were carried out as
described previously (12). Analytical size exclusion chromatography
was carried out in a prepacked Superose 6 column (Amersham Bio-
sciences AB) calibrated and run as described previously (16). The Stokes
radius derived from the K, value of YueB780 was determined by extrap-
olation from a plot of Stokes radii of standard proteins versus (—log
K, )" inwhich K, = (V, — V,)/(V, — V), where V, is the elution vol-
ume of the protein, V, is the column void volume, and V, is the column
total volume accessible to solvent (16). The standard proteins used were
thyroglobulin (Stokes radius = 8.5 nm), ovalbumin (3.05 nm), and myo-
globin (2.07 nm). Rabbit polyclonal anti-serum was raised against puri-
fied YueB780, and IgG was purified by affinity to protein-A-Sepharose
using standard methods (17).

Analytical Ultracentrifugation—Sedimentation velocity measure-
ments were carried out as described previously (18). Data were analyzed
to provide the apparent distributions of sedimentation coefficients
using the programs Svedberg (19) and DC/DT (20). The solvent density
was 1.01081 g/cm?, and YueB780 partial specific volume (0.7219 cm?®
g~ ') was calculated using the SEDNTERP software (19). Equilibrium
sedimentation of YueB780 was performed at 6,500 rpm,* 25 °C. Radial
scans at 276 nm were taken at 4-h intervals. Equilibrium was reached
after 24 h of centrifugation. The base line was recorded at 60,000 rpm at
the end of the experiment. The data were analyzed to yield weight-
average molecular weights using the programs XLAEQ and EQASSOC
supplied by Beckman Instruments.

Analysis of SPP1-Receptor Interaction, Phage Inactivation, and DNA
Ejection—Approximately 5 X 10° SPP1 plaque-forming units (pfu)
were mixed in melting ice with different amounts of purified receptor in
a final volume of 10 wl. After 30 min on ice, the reaction volume was
brought to 40 ul with ejection buffer (100 mm Tris-Cl, pH 7.5, 300 mm
NaCl, 10 mm MgCl,), resulting in mixtures with ~10"! pfu/ml (0.17 nm)

“The abbreviations used are: rpm, revolutions/min; pfu, plaque-forming unit(s).
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and different concentrations of receptor (from ~1 to 17 ug/ml, ie.
~5.7-97.3 nM YueB780 dimers). The samples were then incubated for
3 h at 37 °C with DNase (10 ug/ml). In an identical experiment, phage
SPP1 was mixed with a fixed concentration of receptor (30 nm) and
incubated at different temperatures (0, 8, 15, 23, and 37 °C) for 3 h. Half
of the mixtures from both experiments was used for phage titration in
B. subtilis YB886, and the other half was processed as described previ-
ously (21) and resolved by agarose gel electrophoresis. Quantification of
DNA band intensity was made using the KODAK 1D version 3.5.2 soft-
ware (Kodak). To determine the rate of SPP1 inactivation (Z,) at different
receptor concentrations, ~10' pfu/ml SPP1 phages were equilibrated
at 37 °C in ejection buffer and then the receptor added at the final con-
centrations of 20, 40, 80, and 200 nM. At different times after receptor
addition, aliquots were collected for SPP1 titration. For the calculation
of I, phage titers were plotted as a function of time and the slopes of the
resulting curves determined (Z, = In(P0/P)/At, where PO is the initial
phage titer and P, the phage titer after a At period). The inactivation
constant (K;) was calculated by normalization of I, according to the
input concentration of the receptor (K; = I-[C]z""). The number of
viable phages was determined by titration in parallel to each experi-
ment, and the titer obtained was then used for accurate calculation of
phage particle concentration and phage/receptor ratios.

Electron Microscopy—YueB780 was prepared for electron micros-
copy observation by negative staining with 1% (w/v) uranyl acetate or
liophylization by freeze drying followed by heavy metal rotary shadow-
ing with platinum and carbon at an angle of 18° (22). Phages, phage-
YueB780 complexes obtained by co-incubation at 4 °C for 1 h, and
phages that ejected their DNA after incubation with YueB780 at 37 °C
for 2 h were imaged after negative staining (23) or adsorption to mica
(24). Immunolabeling with purified anti-YueB780 IgG followed by
attachment of protein A complexed to colloidal gold was carried out as
described previously (25).

Bioinformatics—Primary sequence homology searches were carried
out using PSI-BLAST. SignalP version 3.0 and TMHMM were used for
the prediction of signal peptides, transmembrane segments, and mem-
brane topology. Secondary structure predictions were made with
PSIPRED. YueB regions potentially involved in coiled coil formation
were identified with COILS, and the presence of heptad repeats was
detected with PEPWHEEL.

RESULTS

Bioinformatics of YueB—Analysis in silico of the YueB primary
sequence (1076 amino acids, ~120 kDa) revealed the presence of a
putative N-terminal signal peptide and predicted that five transmem-
brane segments are localized in its C terminus (Fig. 14). This organiza-
tion strongly suggested that YueB has a large extracellular domain
(ectodomain) of ~800 amino acids. YueB is mostly detected in mem-
brane-enriched fractions of B. subtilis cells, confirming that the recep-
tor is associated to the membrane (12). Furthermore, data presented
below demonstrated that the receptor ectodomain is exposed to the
bacterial surface. Secondary structure predictions suggested that the
ectodomain has the propensity to form long a-helices. Three of these
putative a-helical regions (amino acids 172-236, 363—408, and 516—
611) exhibited also the potential to form coiled coil structures. The
segments spanning residues 524 —544 and 560 — 607 include three and
seven heptad repeats, respectively, containing the motif abcdefg. Resi-
dues a and d, which are localized in the same side of the putative helix,
are occupied by hydrophobic residues. Position a is predominantly
occupied by isoleucine or leucine, and b is usually leucine (consensus
sequence (I/L)X(E/D)LXXX). These heptads confer an amphipathic
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FIGURE 1. Prediction of YueB secondary structure and purification of the ectodomain YueB780. A, predicted membrane topology and putative secondary structure of the
receptor YueB using TMHMM version 2.0, PSIPRED, and COILS analysis. B-strand and a-helix are depicted as arrows and cylinders, respectively. Transmembrane and coiled coil
segments are represented as black and slashed rectangles, respectively. The putative cleavage site of the predicted signal peptide sequence is indicated by an arrowhead. The region
of YueB spanned by the ectodomain YueB780 is depicted at the top of the scheme. B, SDS-PAGE analysis of the purification of YueB780. YueB780 is indicated by the arrow. M,,
molecular weight marker. T, total protein extract from an induced culture of E. coli strain CG61 carrying pCSJ65. FT, flow through of the metal chelate affinity chromatography. AF,
YueB780 peak eluted from the metal chelate affinity chromatography. SE, YueB780 peak obtained from size exclusion chromatography (Superose 6 column). C-E, evaluation of
YueB780 production and purity by SDS-PAGE and Coomassie Blue staining, Western blot with anti-YueB780, and Western blot with anti-hexahistidine sera, respectively. Lane 1, total
protein extract from E. coli strain CG61 carrying pIVEX2.3d (control extract). Lanes 2 and 3, total protein extract obtained from non-induced and induced cultures of E. coli strain CG61
bearing pCSJ65, respectively. SE and arrows are as described for B.
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FIGURE 2. Characterization of YueB780. A, analytical size exclusion chromatography of YueB780. A 200-ul sample of YueB780 purified through Superose 6 preparative chroma-
tography was applied to an analytical Superose 6 column. The run was performed with a flow rate of 1 ml/min at 16 °C with continuous monitoring of the eluting material at an
absorbance of 280 nm. The column void volume (V,) determined with blue dextran 2000 (Amersham Biosciences AB) and the volume of elution of standard proteins with the mass
shown (bovine thyroglobulin, 670 kDa; bovine gammaglobulin, 158 kDa; chicken ovalbumin, 44 kDa, and horse myoglobin, 17 kDa (Bio-Rad)) are indicated by vertical arrows. The inset
(B) shows a micrograph of freeze-dried YueB780 after heavy metal rotary shadowing. C, negative staining of purified YueB780. Arrows indicate YueB780 fibers. mAU, milliabsorbance
units.

character to the helices found in coiled coil structures that are involved  an Elongated Dimer in Solution”). During the purification procedure,

in the oligomerization of numerous proteins (26). The pattern of long
helices in the ectodomain was found on a large number of proteins from
Gram-positive bacteria that have sequence similarity to YueB (data not
shown) (12). Heptads and coiled coil regions were also identified in a
significant number of those protein homologues (not shown).
Purification of the YueB Ectodomain—We overproduced and puri-
fied a soluble histidine-tagged polypeptide spanning residues 30 —797 of
YueB (YueB780) (Fig. 14) (12). YueB780 was purified from total protein
extracts by metal affinity chromatography followed by size exclusion
chromatography. The protein had a high tendency to aggregate at NaCl
concentrations below 300 mM. In solutions with higher salt concentra-
tion, it behaved essentially as a monodisperse species (see “YueB780 Is

11466 JOURNAL OF BIOLOGICAL CHEMISTRY

we were unable to eliminate some minor polypeptides that had a molec-
ular weight lower than the one expected for YueB780 (Fig. 1B). Most of
these species were detected by Western blot in crude extracts of cells
producing YueB780 using an anti-YueB780 serum. In contrast, they
were not detected in control extracts from non-induced cultures of the
same bacterial strain, showing that they were truncated versions of the
ectodomain rather than contaminant E. coli proteins (Fig. 1, C and D).
The truncated versions lacked the YueB780 C terminus fused to the
hexahistidine tag as revealed by Western blot with anti-hexahistidine
serum that detected only the full size protein (Fig. 1E). Co-purification
of truncated polypeptides with YueB780 suggested that they associate
with the tagged ectodomain. YueB780, with a predicted molecular mass
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0f 87.3 kDa, had an abnormal migration in SDS-PAGE corresponding to
a protein with an apparent molecular mass of ~120 kDa.

YueB780 Forms a Fiber Structure—Native YueB780 eluted as a single
peak with an apparent molecular mass slightly larger than 670 kDa from
size exclusion chromatography (Fig. 2A). The Stokes radius of the mol-
ecule derived from its elution volume is 9.6 nm. The apparent mass and
the hydrodynamic radius obtained are incompatible with the expected
molecular mass of a globular, monomeric YueB780. Observation of
YueB780 freeze-dried and shadowed with platinum-carbon (Fig. 2B) or
negatively stained (Fig. 2C) showed that it forms fiber-shaped particles.
At high concentrations (0.1 mg/ml), these particles had some heteroge-
neity in length, probably because of the head-to-tail association of fibers.
However, a large majority of the population of molecules observed were
particles with identical dimensions when serial dilutions of the protein
were imaged in a range of concentrations from 0.1 mg/ml to 0.001
mg/ml. The fibers were 36.5 = 2.5 nm long and 2.8 = 0.5 nm thick
(n = 30) (Fig. 2, B and C, arrows).

YueB780 Is an Elongated Dimer in Solution—To investigate whether
the elution behavior of YueB780 from the size exclusion column and the
shape in the electron microscope were due to its oligomerization or to
its non-globular nature, we carried out analytical ultracentrifugation
measurements. Fig. 34 shows sedimentation boundaries of YueB780 at
equally spaced times. Raw data (symbols) were modeled to a one- or
two-component system. The best fit (solid lines) yielded a single species
with a sedimentation coefficient (s3,,,) of 7 S, incompatible with that of
a 87.3-kDa globular protein. No rapidly sedimenting material was
detected while the rotor was accelerating to reach the operating speed
(30,000 rpm), ruling out the presence of large aggregates.

YueB780 was also subjected to sedimentation equilibrium. The aver-
age molecular mass of YueB780 in aqueous solution was found to be
164,216 * 45 Da (Fig. 3B), which is very close to the mass expected for
a YueB780 dimer (174.6 kDa). The frictional ratio value (f/f;) calculated
for the YueB780 dimer based on its experimental mass and sedimenta-
tion coefficient was 1.65. This value deviated significantly from the fric-
tional coefficients of globular proteins (f/f, ~1.2). It strongly suggested
that YueB780 is asymmetrical, consistent with the elongated shape of a
polypeptide having the dimensions determined from the electron
microscopy measurements (axial ratio a/b = 12.6). The hydrodynamic
radius of YueB780 determined using its experimental molecular mass
and sedimentation coefficient is 6.08 nm. The discrepancy between this
value and the Stokes radius derived from size exclusion chromatogra-
phy is likely because of an inaccurate correlation, in the latter method,
between the elution volume of very elongated molecules and the Stokes
radius (27).

YueB780 Inactivates SPP1 and Triggers Phage DNA Ejection—\When
YueB780 was incubated with SPP1 virions at 37 °C, the phage titer
decreased as a function of the receptor concentration showing that
YueB780 bound and inactivated phage SPP1 (Fig. 44). Considering the
linear region of the phage inactivation curve (Fig. 44), the concentration
of YueB780 dimers required to inactivate 99% of the viable phage par-
ticles was 28.6 nm. This corresponded to a ratio of ~130 YueB780
dimers/phage particle. Half of the phage/receptor mixtures used in the
inactivation experiment was treated with proteinase K to inactivate the
DNase present in the samples and to disrupt virions. After deprotein-
ization, the samples were subjected to agarose gel electrophoresis to
quantify the DNA remaining inside the phage structures. The amount
of protected phage DNA decreased as a function of the YueB780 con-
centration, reaching a minimum of 0.5-1% of protected DNA relative to
the total amount of DNA present in the phages used in the assay (Fig. 4,
A and B). SPP1 binding to the receptor fiber thus triggered exit of the
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FIGURE 3. Oligomeric state of YueB780. A, sedimentation velocity of YueB780 (1.1
mg/mlin 50 mmHepes-Na, pH 7.0, 300 mm NaCl). The positions of the moving boundaries
shown were recorded at 18-min intervals by spectrophotometric scanning at 276 nm.
The solid lines are best fits of the experimental data @ to a single species model (see
“Results”). Rotor speed was 30,000 rpm and temperature, 25 °C. B, measurement of the
molecular mass of YueB780 by equilibrium ultracentrifugation. The loading concentra-
tion was 1.1 mg/ml of protein. The data @ obtained at 15 °C and 6,500 rpm for YueB780
were fitted using a dimer model (solid line). The top panel shows the deviation of the data
from the fitted curve. The best fit of the data points was obtained for a molecular mass of
164,216 = 45 Da.

phage DNA from the capsid, making it accessible to DNase attack. Note
that the inactivation of infective phages was more drastic than the
reduction of protected DNA in response to increasing concentrations of
YueB780 (Fig. 4A4). This was likely due to the presence of particles defec-
tive for DNA ejection within the SPP1 population. In such case, the
DNase protection assay provided an underestimation of the extent of
DNA release from virions competent for DNA ejection. The inactiva-
tion rate of SPP1 infectious particles in the presence of YueB780 exhib-
ited a linear dependence on the concentration of the receptor within the
range tested (20—-200 nM YueB780), yielding an average inactivation
constant of 2.93 X 107> * 0.82 X 10~ min™ *nm ™" at 37 °C (Fig. 4C).

Phage genome ejection triggered by YueB780 was temperature-de-
pendent. DNase protection assays showed that no DNA was released at
0°C. At 8 and 15°C, a fraction of the phage particles ejected their
genome, and frequently the ejection was partial, leading to different
sizes of DNA that remained inside the viral capsid, as revealed by the
smear of protected DNA (Fig. 4D). This smear was observed at different
concentrations of DNase, provided the amount of enzyme was high
enough to fully digest free DNA under the experimental conditions used
in the assay (=5 ug/ml at 15 °C). Electron microscopy observations
further confirmed that a significant number of phages ejected partially
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FIGURE 4. Inactivation of SPP1 virions by YueB780. A, inactivation of phage SPP1 at 37 °C as a function of receptor dimer concentration (conc.) (). The initial concentration of viable
phages in the assay was 1.34 X 10'" pfu/ml (0.22 nm). The dashed curve represents the linear correlation between surviving phages and the YueB780 concentration. The amount of
DNA remaining protected inside SPP1 virions in the same samples was determined by densitometry of the agarose gel shown in B (L) (arbitrary units in the ordinate shown on the
right side). B, triggering of SPP1 DNA ejection by YueB780. Part of the SPP1-YueB780 reactions set up for the inactivation experiment in A were deproteinized and analyzed by agarose
gel electrophoresis to quantify the amount of DNA remaining protected inside phage structures. C, inactivation rate of SPP1 infectious particles (7.66 X 10'° pfu/ml (0.127 nm) were
used as initial phage input) in the presence of 20 (A), 40 (A), 80 (), and 200 nv (M) receptor dimers at 37 °C. The linear region of the phage inactivation curves (dashed lines) was used
to calculate the inactivation rate (/,) of SPP1. D, inactivation of phage SPP1 and ejection of its DNA after 3 h incubation with 30 nm receptor, at the temperatures (7) indicated. The titer
of viable phages is presented as the percentage of the titer obtained in the control sample (no receptor added, 37 °C). The DNase protection assay was as described for B. In lane 37",
DNA ejection was carried out at 37 °C in the absence of DNase. Thereafter, the mixture was equilibrated to 0 °C and the ejected DNA digested with DNase for 3 h at this temperature.

their DNA within the time course of the experiment (not shown).
Genome ejection at 23 °C was as efficient as at 37 °C (Fig. 4D). Phage
inactivation at different temperatures did not correlate well with the
DNase protection assays. At 4 °C, for example, ejection was completely
inhibited, but >90% of the phages were still inactivated (Fig. 4D). This
discrepancy suggested that serial dilutions of the mixtures in chilled
TBT buffer (for phage titration; 100 mMm Tris-Cl, pH 7.5, 100 mm NaCl,
10 mm MgCl,) did not lead to dissociation of the virus-receptor com-
plexes, allowing phage genome ejection after plating.

Visualization of SPP1-YueB780 Complexes—Fig. 5, A and B, shows
electron micrographs of SPP1 virions with their DNA-filled head, tail,
and tail spike structures. When SPP1 virus particles were incubated with
YueB780 at 4 °C, their tail spike associated with YueB fiber structures
(Fig. 5C, arrow). This interaction was confirmed using anti-YueB780
IgG that cross-linked SPP1-YueB780 complexes through the phage tail
tip region and by labeling of IgG with protein A-gold (Fig. 5D). Despite
binding to the receptor, almost all phages presented their heads filled
with DNA, even after 72 h at 4 °C (incubation on ice inside a refrigera-
tor). Incubation at 37 °C, with or without a preincubation at 4 °C, led to
release of DNA from the vast majority of the virions (Fig. 5, E and F), as
anticipated from biochemical experiments (Fig. 4). Visual inspection of
micrographs of the tails before and after DNA ejection did not reveal
structural differences (Fig. 5, A—F), with the exception of some stain
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penetration in the phage tail tube (Fig. 5, E and F), indicating that it had
opened to allow DNA passage to the solution (Fig. 5G). These results
showed that SPP1 DNA ejection, but not receptor binding, is a temper-
ature-dependent process.

The YueB Receptor Is Exposed at the Cell Surface—B. subtilis cells
were incubated with anti-YueB780 antibodies to investigate whether
the receptor is exposed to the bacterial surface. The rate of SPP1 irre-
versible adsorption to these bacteria was significantly lower than that
observed with cells treated with an irrelevant antibody (anti-UL25 of
HSV-1) or untreated (Fig. 6A4). The adsorption constant (K,q,) to bac-
teria pre-incubated with anti-YueB780 (0.41 min~*U, ') was ~2.5-
fold lower than that obtained in the other two conditions (K,q, = 1.11
and 0.99 min~ U, !, respectively). Therefore, the YueB region display-
ing SPP1 receptor activity is exposed at the cell surface and is specifically
masked by the binding of anti-Yue780 antibodies. Inmunogold staining
of cells incubated with anti-YueB780 IgG confirmed the localization of
YueB780 at the B. subtilis surface (Fig. 6B). No labeling was observed in
the yueB deletion mutant strain CSJ1 (not shown).

DISCUSSION

YueB is a membrane protein of B. subtilis that serves as a receptor for
the irreversible adsorption of bacteriophage SPP1 (12). We have puri-
fied an ectodomain of YueB that bound to the SPP1 tail tip and triggered
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FIGURE 5. SPP1-YueB780 interaction and ejection of phage DNA. SPP1 isolated viri-
ons (A and B) incubated with YueB780 at 4 °C (C and D) or at 37 °C (E and F) were nega-
tively stained with uranyl acetate and observed by electron microscopy. The arrow in C
shows the position of a YueB780 fiber. The position of YueB780 binding to SPP1 virions
was further documented by cross-linking with anti-YueB780 IgG and labeling with pro-
tein-A complexed with colloidal gold (D and F). The inset in D shows the position of
YueB780 bound to the SPP1 tail tip. SPP1 DNA ejection after incubation with YueB780 at
37 °Cis characterized by emptying of the virion capsid structure and some penetration of
stain in the tail tube (E and F). The DNA ejected under these conditions was visualized by
adsorption to mica (G). The scale bar represents 100 nm.
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ejection of viral DNA. YueB780 formed an elongated dimer that
behaved like a rod in solution. Its shape explained the abnormal migra-
tion in SDS-PAGE and the early elution from size exclusion chromatog-
raphy columns. The dimer is likely stabilized by a coiled coil between
a-helices of the two polypeptide chains. This structure, which stabilizes
a-helices through a very efficient burial of hydrophobic side chains (28),
is found in many cellular and extracellular structural proteins (strepto-
coccal M proteins, keratins, and tropomyosin (26, 29)) and in virus
particles (30 —32). The properties of the YueB780 ectodomain are con-
sistent with a dimeric YueB molecule forming an elongated fiber bound
to the cytoplasmic membrane via 10 transmembrane segments. Because
the putative N terminus signal peptide was not shown experimentally to
be cleaved off from YueB, we cannot exclude the possibility that the
fiber is fixed to the membrane both at the N and C termini. However,
the fiber needs to be long enough to cross the ~30-nm-thick pepti-
doglycan cell wall of the Gram-positive bacterium (33) to expose a
receptor domain to the medium (Fig. 6). Considering this require-
ment and the length of the ectodomain (36.5 nm), the most likely
possibility is that YueB is attached to the cell membrane only
through its C terminus. The YueB780 rod-like shape probably facil-
itates the accommodation of the ectodomain within the peptidogly-
can mesh. These novel structural features for a virus receptor likely
apply to the large family of proteins homologous to YueB that are
found in Gram-positive bacteria and that share the same predicted
membrane topology and secondary structure (12). Although the
physiological function of these proteins remains unclear, their prop-
erties make them very suitable receptors for viruses of Gram-positive
bacteria.

YueB780 bound to the tail tip of SPP1 and triggered efficiently the
release of phage DNA in the absence of other bacterial proteins (Figs. 4
and 5). The inactivation rate of SPP1 virions in the presence of 200 nm
YueB780 (0.82 min ') (Fig. 4C) was identical to the one obtained when
phages are added to cultures of B. subtilis at a density of 10° cfurml ™"
(12). The ratio used in the in vitro assay was 1500 YueB780 dimers/
phage (200 nMm receptor for 0.127 nm phage), which, if maintained in the
context of SPP1 infection, would imply the presence of 150 active recep-
tors/bacterium (inactivation rates are determined at an input multiplic-
ity of 1 phage/10 bacteria). This number is very probably an overesti-
mation, because during infection, the virus receptors are clustered in
large particles (the bacterium), and the very efficient reversible adsorp-
tion of SPP1 to B. subtilis increases significantly the local concentration

of phages at the bacterial surface.

A

B

FIGURE 6. Localization of YueB780 at the surface of B. subtilis cells. A, kinetics of SPP1 irreversible adsorption to untreated B. subtilis cells (M) and pretreated with anti-YueB780 (A)
oranti-UL25 HSV-1(C]) sera. The dashed lines represent the adsorption rates used for K, 4, determinations. B, labeling of B. subtilis CSJ3 (12) with anti-YueB780 antibodies followed by
visualization with protein A complexed with colloidal gold (electrodense dots). Bacteria were washed in phosphate-buffered saline and fixed in 1% glutaraldehyde prior to antibody

reaction.
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YueB780 bound to SPP1 at different temperatures, but DNA release
was only efficient above 15 °C. A temperature dependence for DNA
ejection was also found for phages A (34) and T5 (35), showing that there
is an energy barrier to triggering DNA release in tailed bacteriophages
(36). This barrier is physiologically relevant for phage infection, as it
ensures that the virion only ejects its genome to the host cell at temper-
atures at which that the bacterium is metabolically active. Most inter-
estingly, although SPP1 DNA ejection was fully blocked at 0 °C, partial
ejection of the genome occurred in a fraction of the virion population at
8 and 15 °C (Fig. 4D) (electron microscopy observations not shown).
Therefore, under these conditions, DNA traffic from the capsid to the
phage outside is not a fast all-or-nothing process, because it can be
trapped at intermediate stages in the absence of an external counter-
pressure to ejection. Our discovery indicates that the molecular event
controlling DNA ejection in a temperature-dependent manner affects
DNA movement. The DNA end that first exits the phage capsid during
ejection is the one that is fixed to a structure-named connector. The
connector is found at the tail extremity opposite to the tail tip, forming
the tail-capsid interface. SPP1 DNA ejection thus requires that, follow-
ing receptor binding to the tail tip, a signal is transmitted along the tail
helical structure leading to the opening of gp16 (the protein that closes
the connector pore) (37), allowing movement of DNA along the tail
tube. The conformations of the open connector or of the tail tube at low
temperatures are the most conceivable factors in constraining DNA
passage. This feature adds to the growing evidence that DNA exit during
ejection is not a mere function of the internal pressure inside the capsid
(38) but that the phage structure also has active control over the DNA
movement process (39, 40).

YueB780 is the first active virus receptor of a Gram-positive bacte-
rium that was purified. Its molecular properties differ radically from the
well characterized receptors found in Gram-negative bacteria, which
are the outer membrane pore-forming proteins LamB and FhuA (5-7).
As anticipated from the properties of Gram-positive bacteria surfaces,
the YueB molecule is designed to cross the thick peptidoglycan cell wall,
exposing the receptor domain to the extracellular medium. Its fiber
structure is unlikely to provide a channel for viral DNA traffic. Because
the binding of SPP1 to YueB triggers DNA ejection very efficiently, this
raises the question as to how the phage-receptor interaction in vivo is
coordinated with the efficient routing of viral DNA through the cell wall
and membrane to reach the host cytoplasm.
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