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Structural Characterization of the Bacteriophage T7 Tail
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Background: T7 tail is involved in host recognition, DNA securing, and delivery.

Results: The tail is formed by a tubular structure (proteins gp11 and gp12) surrounded by six fibers.

Conclusion: gp11 is a gatekeeper-adaptor protein, and gp12 closes the ejection channel.

Significance: Tailed bacteriophages may share a common molecular mechanism to coordinate the switch between DNA

packaging and tail assembly.

Most bacterial viruses need a specialized machinery, called
“tail,” to inject their genomes inside the bacterial cytoplasm
without disrupting the cellular integrity. Bacteriophage T7 is a
well characterized member of the Podoviridae family infecting
Escherichia coli, and it has a short noncontractile tail that
assembles sequentially on the viral head after DNA packaging.
The T7 tail is a complex of around 2.7 MDa composed of at least
four proteins as follows: the connector (gene product 8, gp8), the
tail tubular proteins gp11 and gp12, and the fibers (gp17). Using
cryo-electron microscopy and single particle image reconstruc-
tion techniques, we have determined the precise topology of the
tail proteins by comparing the structure of the T7 tail extracted
from viruses and a complex formed by recombinant gp8, gp11,
and gp12 proteins. Furthermore, the order of assembly of the
structural components within the complex was deduced from
interaction assays with cloned and purified tail proteins. The
existence of common folds among similar tail proteins allowed
us to obtain pseudo-atomic threaded models of gp8 (connector)
and gp11 (gatekeeper) proteins, which were docked into the cor-
responding cryo-EM volumes of the tail complex. This pseudo-
atomic model of the connector-gatekeeper interaction revealed
the existence of a common molecular architecture among
viruses belonging to the three tailed bacteriophage families,
strongly suggesting that a common molecular mechanism has
been favored during evolution to coordinate the transition
between DNA packaging and tail assembly.
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Double-stranded DNA (dsDNA) bacteriophages actively
package their genetic material inside the capsid using a protein
motor that hydrolyzes ATP as an energy source (1). DNA enters
the viral head through a channel formed by a protein named
connector that sits at a unique 5-fold vertex of the icosahedral
capsid (2), a vertex that is also involved in the delivery of the
genome during DNA ejection. The ordered packaged DNA
generates a high pressure inside the viral head requiring the
presence of protein complexes helping to retain the nucleic acid
inside the capsid, probably by closing and/or securing the con-
nector channel. In most of the dsDNA viruses, this task is
accomplished by a protein or proteins that form a complex that
builds a plug at the end of the portal channel, the so-called
gatekeeper (3). These proteins also play an important role dur-
ing the transition between final DNA packaging steps and the
subsequent assembly of the tail proteins (3). The tail is a protein
complex present in the majority of bacteriophages, which is
involved in host recognition and genome delivery. Three main
morphologies have been described in tailed phages as follows:
short and long noncontractile or long contractile correspond-
ing to Podoviridae, Siphoviridae, and Myoviridae families,
respectively (4). Although there is a necessary adaptation of the
tail structure of the virus to each viral host family (5), two main
features are shared by tail structures; they have a central tubular
structure that forms the channel for DNA ejection, which is
surrounded by fibers or spikes that are essential in the initial
steps of host recognition (5).

The Podoviridae family constitutes the group with the sim-
plest tail morphology, composed of a small number of proteins
(6). Structural analysis of different viruses belonging to this
group (29 (7), P22 (8), P-SPP7 (9), N4 (10), €15 (11), and K1E
and K1-5 (12)) has shown that these structures are formed by a
central knob or nozzle contoured by 6 —12 trimeric appendages
named fibers or spikes. The tail is attached to the head through
the tail adaptor protein, a dodecameric ring with similarities to
the gatekeeper proteins described for long-tailed phages (13).
The short length of the Podoviridae requires additional compo-
nents to drill through the whole bacterial envelope, and it has
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been proposed to be enlarged by internal capsid proteins, which
would be also ejected during infection (6, 14). This hypothesis
has been recently supported by a cryo-electron tomography
study, which has defined for the first time a detailed description
of the sequential steps involved in the interaction of the bacte-
riophage T7 with Escherichia coli (15). The bacteriophage T7
infects bacteria by interaction of the tail with one or more bac-
terial receptors, followed by DNA ejection, and accompanied
by extensive structural remodeling of the tail structure (15).
Nevertheless, the limited resolution of previous studies from
complete viral particles (16, 17) has not yet identified the loca-
tion and precise topology of the different proteins that consti-
tute the tail structure. Biochemical studies have proposed that
the T7 tail machine is formed by proteins gp7.3 (10 kDa), gp8
(59 kDa), gp11 (22 kDa), gp12 (89 kDa), and gp17 (61 kDa) (14).
The best structurally characterized proteins are the connector
(gp8) and the fibers (built by protein gp17). Purified gp8 protein
has been shown to assemble as a dodecamer (18), and gp17 has
been shown to assemble into trimers to form the T7 fibers (19 —
21). Proteins gp11 and gp12 have been proposed to form the
central tubular structure of the tail, but their precise location
remains unclear (14). Finally, 32 subunits of the protein gp7.3
have been predicted as a component of the tail, but its location
and function are controversial. This protein might be involved
either in helping the tail protein assembly process or as a part of
the tail channel or tip, thus contributing to the host cell inter-
action (6, 14), and it has also been proposed to be injected inside
the bacteria during infection (14).

The biochemical and structural studies carried out in this
work have permitted us to define the location and oligomeric
state of each of the proteins that form the tail of bacteriophage
T7 and to understand their sequential assembly order into the
mature DNA-filled viral heads.

EXPERIMENTAL PROCEDURES

Protein Cloning—The genes 11 and 12 from T7 bacterio-
phage were amplified together or individually by polymerase
chain reaction (PCR) using forward and reverse primers con-
taining the BgllI-Ncol restriction sites, respectively, with the
Expand Long Template PCR System (Roche Applied Science).
The fragments were then cloned into the pRSET-B plasmid
(Invitrogen) using T4 ligase (Roche Applied Science) overnight
at 16 °C. The T7 gene 8 was amplified using the same system
with the primers containing the EcoRI-HindIII restriction sites,
and it was then cloned into the pRSET-B plasmid containing
the T7 11 and 12 genes. The gene 17, coding for the fiber pro-
tein, was amplified by PCR using forward and reverse primers
containing Ncol and HindIII restriction sites, respectively, and
cloned into the plasmid pCR2.1-TOPO using topoisomerase I
from vaccinia virus (TOPO TA cloning kit, Invitrogen). The
fragment coding for the gpl7 fiber gene was excised using
the aforementioned restriction enzymes and cloned into the
expression vector pETDuet (Novagen, Merck Millipore) using
the same sites.

Protein Purification—Bacteriophage T7 was produced as
described previously (22). Briefly E.coli BL21 strain was
infected with wild type phage, and the lysate was purified in a
cesium chloride step gradient (23) and dialyzed using VISKING
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dialysis tubing (SERVA) on 50 mm Tris, pH 7.8, 10 mm MgCl,,
and 100 mm NaCl (TMS buffer). The tail complexes were
obtained by incubating the T7 viruses in the presence of 100
mMm EDTA and complete antiproteases mixture (Roche Applied
Science) for 45 min at 65 °C. The complexes were comple-
mented with 20 mm MgCl,, incubated with 10 ug/ml DNase
(Sigma) for 30 min at 37 °C, and pelleted by ultracentrifugation
at 213,000 X g for 3 h. The complexes were resuspended in
TMS buffer, loaded onto a 10 —40% sucrose gradient, and cen-
trifuged at 148,000 X g for 105 min. The enriched fractions
were concentrated using Amicon ultracentrifugal filter units
(Millipore) and loaded onto a Superose 6 10/300 GL column for
size exclusion chromatography (GE Healthcare). The sample
purity was checked by SDS-PAGE as described previously (14).

The plasmid coding for the gp8, gpll, and gpl2 proteins
(8-11-12 complex) was transformed into the E. coli C41 strain.
The culture was grown at 37 °C to an absorbance of 0.6 mea-
sured at 600 nm (A4y,), and then protein expression was
induced with 1 mm isopropyl 1-thio-B-p-galactopyranoside for
3 h. The culture was harvested, and the 8-11-12 complexes were
found in the supernatant, which was supplemented with com-
plete EDTA-free protease inhibitors (Roche Applied Science)
and 1 mM phenylmethylsulfonyl fluoride (PMSF). The complex
was precipitated overnight at 4 °C by addition of ammonium
sulfate to a final saturation of 40% and pelleted at 6500 X g for
1 h. The pellet was resuspended in TMS buffer or 50 mm
HEPES, pH 7.5, and 150 mm NaCl containing 10 mMm imidazole
(no differences were observed between the two buffers). The
8-11-12 complexes, His-tagged at the N-terminal side of gp11
protein, were incubated overnight at 4 °C with Cobalt TALON
metal affinity resin (Clontech) and eluted at 1 m imidazole. The
enriched eluted fractions were then concentrated on Amicon
ultracentrifugal filter units (Millipore) and loaded onto a Super-
ose 6 10/300 GL column as described above. The purity of the
samples was checked by SDS-PAGE as described previously
(14).

gp8 protein purification was described previously (24). The
plasmids coding for gp11 or gp12 were transformed into E. coli
C41 strain and grown as described above. The cultures were
harvested and resuspended into buffer 50 mm Tris, pH 7.8, 500
mM NaCl, 20 mm MgCl,, 2.5 mMm B-mercaptoethanol, 10 mm
imidazole, with complete EDTA-free protease inhibitor mix-
ture. Cells were lysed by sonication, and the cellular debris was
removed by centrifugation at 25,000 X g for 15 min. gp12 was
precipitated overnight at 4 °C by addition of ammonium sulfate
to a final concentration of 40%, pelleted at 25,000 X g for 15
min, and resuspended in the same buffer. The N-terminal His-
tagged proteins were purified in a TALON affinity resin as
described above and eluted at 1 M imidazole. gp11 protein was
pure enough after this step; gp12 protein was dialyzed in buffer
50 mM Tris, pH 7.8, 50 mm NaCl, 20 mm MgCl,, and purified
into an ion exchange chromatography on a ResourceQ column
(GE Healthcare), where the protein was eluted at 250 mm NaCl.
The purity of the proteins was checked by SDS-PAGE. To study
its oligomerization state, gp11 was loaded into a Superdex 200
10/300 GL (GE Healthcare) column for size exclusion chroma-
tography. Bovine albumin, ovalbumin, anhydric carbonase, and
cytochrome c were used as protein markers.
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In Vitro Fiber Assembly— gp17 fiber protein was produced in
E. coli strain BL21(DE3). The culture was grown at 37 °C up to
an Agoo between 0.6 and 0.8, induced with 1 mm isopropyl
1-thio-B-Dp-galactopyranoside, and grown for 16 h at 16 °C.
Harvested cells were resuspended in 50 mm Tris-HCI, pH 8.9,
4% glycerol, 50 mM ammonium chloride, 2 mm EDTA, 150 mm
sodium chloride and then frozen at —20 °C. The cells were lysed
by several freezing and thawing cycles and centrifuged to elim-
inate cell debris. A one-to-one culture volume ratio of the gp17
extract was mixed with 8-11-12 complexes after the ammo-
nium sulfate precipitation step (see above) and resuspended in
50 mm HEPES, pH 7.5, 150 mMm NaCl, and 10 mm imidazole. The
mixture was incubated for 1 h at 30 °C and mixed with TALON
resin (as described above). The 8-11-12 complexes that have
incorporated gpl7 protein did not bind to the resin and were
eluted during the washes. The sample was then precipitated
with ammonium sulfate at 40% saturation, pelleted for 15 min
at 25,000 X g, and loaded onto a 10 —40% sucrose gradient and
centrifuged, followed by size exclusion chromatography as
described above. gp17 protein was purified following the same
protocol.

Pulldown Assays—For production of gp8 antibodies, nine
BALB/c mice were inoculated in three cycles with 780 ug of
purified His-tagged gp8 protein (Protein Tools Unit). Protein G
Dynabeads (Novex by Invitrogen) were coated with gp8 anti-
bodies following the manufacturer’s instructions. The gp8-
gpll interaction reactions were performed at 1:1 or 1:0.5 um
ratios and incubated for 1 h at 30 °C in TMS buffer. The reac-
tions were then incubated with anti-gp8-coated beads and
washed following the manufacturer’s instructions. The bound
complexes were boiled at 99 °C for 5 min, analyzed by SDS-
PAGE, followed by Western blotting, incubated with anti-His
antibody (Sigma), and developed with an enhanced chemilumi-
nescence kit (ECL, GE Healthcare).

Electron Microscopy and Image Processing—Electron micros-
copy of negatively stained samples was performed as described
previously (18). gp12 images were acquired on an FEI Tecnai
FEG200 electron microscope operated at 200 kV, using low
dose protocols with a 4K X 4K Eagle CCD camera (Gatan Inc.)
at a nominal magnification of X 108,696 and a defocus range of
1.5-3.5 um. The contrast transfer function was corrected in the
micrographs using standard XMIPP software (25); the particles
were manually selected with XMIPP (26) and down-sampled
to a factor of 3 to a final pixel size ratio of 4.14 A/pixel.
Images were classified using XMIPP reference-free cluster-
ing approach classification methods (CL2D) (27), and 640 par-
ticles corresponding to side views were selected. A Gaussian
blob was used as a starting model to perform a three-dimen-
sional reconstruction using a restricted projection angle proto-
col with EMAN (28). Next the model was refined using XMIPP
Projection Matching package (25). For cryo-electron micros-
copy, the samples were applied to Quantifoil 2-um holey car-
bon grids coated with a thin carbon layer, frozen in liquid
ethane, and transferred to a FEI Tecnai FEG200 operated as
described above. Tail complex images were acquired at a
nominal magnification of X50,000, and the selected micro-
graphs were scanned on a Zeiss scanner (Zeiss SCAI scanner)
with a step size of 7 um. The images of the 8-11-12 complexes
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were acquired under the same conditions but using a 4K X 4K
Eagle CCD camera at a nominal magnification of X108,696.
Next, images were contrast transfer function-corrected (25)
and down-sampled by a factor of 2 to a final pixel size ratio of 2.8
and 2.75 A/pixel for the tail and the 8-11-12 complex, respec-
tively. To perform the three-dimensional reconstructions, 3056
and 1820 particles of the tail and the 8-11-12 complex, respec-
tively, were extracted, normalized, and two-dimensionally
aligned and classified using reference-free XMIPP maximum
likelihood (ML2D) (29) and CL2D (27) procedures. Averages
resulting from these classifications were used to generate an
initial three-dimensional model based on the common line
methods implemented in the EMAN software (28) applying
6-fold symmetry. These initial models were refined using SPI-
DER (30) or XMIPP Projection Matching package (25). The
final resolutions using the 0.3 Fourier shell correlation criterion
were ~16 A for the tail complex and ~12 A for the 8-11-12
complex. Three-dimensional volumes and images were gener-
ated with the University of California at San Francisco Chimera
software (31).

Structural Modeling (Threading), Segmentation, and Fitting—
Appropriate templates for model building of portal protein gp8
were found with HHpred (32). These corresponded to the
enterobacteriophage P22 connector protein (E-value 5.5E-05, p
value 2E-09, 10% identity) and the bacteriophage SPP1 portal
protein (E-value 0.18, p value 5.4E-10, 12% identity). The final
structural model of gp8 was built with I-TASSER (33), using the
fully automatic procedure. Alignment of gp8 with P22 connec-
tor protein was produced by I-TASSER. Structural templates
for gp11 were assessed with several sequence-based and thread-
ing algorithms providing no significant output. In the absence
of a clear template for gp11, a sequence profile was created and
further used to search against the InterPro database (34) using
HHpred (32). The first two hits corresponded to Pfam domains
of unknown function, and the third to Pfam P22 tail accessory
factor (PF11650). None of these hits were statistically signifi-
cant. Nevertheless, functional and structural data indicated
that T7 gp11 and P22 gp4 have similar roles. Therefore, a struc-
tural model for gp11 was built using the atomic structure of gp4
from enterobacteria phage P22 (PDB code 1vt0 chain k). The
sequence alignment provided by HHpred was used to guide the
[-TASSER modeling (33). Segmentation of gp8 and gp11 oligo-
mers was carried out manually using the University of Califor-
nia at San Francisco Chimera software (31). A 12-fold symme-
try was imposed to the maps using proc3d EMAN package (28).
The monomer models were manually fitted as rigid bodies into
the EM electron density using Chimera, and the oligomers were
built using pdbsymm program from the SITUS package (35).
Atomic structures were presented using PyMOL (Delano Sci-
entific LLC, San Francisco) and EM maps using Chimera (31).

RESULTS

Structure and Protein Composition of the T7 Tail Complex—
T7 virions incubated with 100 mm EDTA results in the disrup-
tion of the viral particles into separate heads and tails (data not
shown). The tail complexes, purified by sucrose gradient cen-
trifugation and size exclusion chromatography, consist of the
connector protein (gp8) and the tail proteins gp11, gp12, and
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FIGURE 1. Structural and biochemical characterization of T7 tail complexes. A, Coomassie-stained SDS-PAGE showing the proteins present in the phage-
extracted tail complex, the recombinant 8-11-12 complex, and the complete T7 phage particle. The position of the T7 proteins is marked with an arrow. B,
two-dimensional averages of electron microscopy images showing side (left panel) and end-on views (right panel) of the extracted tail complexes (top panel)
and recombinant 8-11-12 complexes (bottom panel). C, three-dimensional volume of the phage-extracted tail complex in side (left panel) and end-on (right
panel) views. D, three-dimensional volume of the 8-11-12 complexes showing side and end-on views, (left and right panels, respectively). E, side view of the
difference map of the three-dimensional volumes described in C and D. The reference volume is shown in contour lines. The scale bar is 20 nm.

gpl7 (Fig. 1A). Protein gp7.3 was not detected in any of our tail
complex purifications. Cryo-EM of the vitrified tail complexes
(Fig. 1B) showed images that, after two-dimensional averaging,
revealed projections characteristic of side views of the tails as
follows: a 29-nm-long tubular structure with a central channel
that is closed at the narrower end (Fig. 1B, upper row, left panel).
The averaged projections corresponding to the end-on view of
the tail complex clearly shows the existence of six fibers, radially
extending, which are better defined in the domain proximal to
the tail axis (Fig. 1B, upper row, right panel). Three-dimensional
reconstruction (3DR)? from the vitrified tail complexes using
single particle image reconstruction methods produced a vol-
ume showing a roughly conical structure with two well defined
morphological domains along the longitudinal axis (Fig. 1C).
The upper domain is a toroidal region with a clear 12-fold sym-
metry, which showed an overall similarity to other viral connec-
tor structures (2, 18). The lower domain of the complex has a
conical shape, with six conspicuous upward pointing fibers, and
ends in a closed nozzle structure (Fig. 1, B and C). This overall
structure is very similar to the one described for the tail in the
complete phage (15, 16), strongly suggesting that the complex
has not suffered detectable structural changes during detach-
ment from the phage. The ~15-nm-long thin fibers are tilted by
around 42°, and this topology was similar to the so-called
upward conformation described in intact virions from tomo-
graphic reconstructions (15). In addition, the overall structure
of the T7 tail described here notably resembles the cyanophage
P-SPP7 tail (9), also a member of the Podoviridae family. This
structural similarity suggests that both viruses may have a com-
mon infection mechanism.

2The abbreviations used are: 3DR, three-dimensional reconstruction; PDB,
Protein Data Bank.
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To obtain a direct mapping of the different structural pro-
teins in the tail, we cloned and expressed each protein alone or
in combination with the others, as block-cloning strategies
have been successfully used to obtain other tail components
(such as the base plates) in lactococcal phages (36). The joint
expression of the genes 8, 11, and 12 resulted in the assembly of
fiber-less tail complexes, referred to in this study as the 8-11-12
complex. The absence of the flexible fibers facilitated the cryo-
electron microscopy data acquisition with respect to the com-
plete tail complex, and it was possible to reconstruct the volume
of this fiber-less complex at a resolution of ~12 A (Fig. 1D).
Averaged projections of the side and end-on views of the com-
plex revealed a very similar structure with respect to the tail
complex (Fig. 1B, lower row), with identical dimensions and
overall shape, and with the channel also closed at the nozzle
end. The main difference is located at the level of the fibers
protruding from the sides of the main body of the tail. In this
case, the absence of the fibers allows us to distinguish a new
toroidal region at the intermediate position between the con-
nector, in the upper part, and the conical region, in the lower
part. This intermediate structure also shows a clear 12-fold
symmetry. Additionally, the higher resolution of this recon-
struction permits us to discriminate two regions into the coni-
cal domain, one with six protrusions extending outward from
the complex axis at an angle similar to the tail fibers and
another, at the vertex, defining a nozzle, which serves as the
channel closure (Fig. 1D). The difference map between the 3DR
of the complete tail and the 8-11-12 complex (Fig. 1E) revealed
that both structures were very similar with the exception of the
density that corresponds to the fiber proteins (Fig. 1E). As the
difference between both complexes resides in the presence of
the protein gp17, this protein should build the six well defined
fibers. A study of isolated fibers by Steven et al. (20) demon-
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FIGURE 2. In vitro assembly of the fibers. A, chromatograms showing the elution volume of the gp17 trimers (left panel), the 8-11-12 complex (center panel),
and the complex incubated with gp17 (right panel). The peak corresponding to each complex is marked with an asterisk. The protein content of the peak
fraction is characterized in Coomassie-stained SDS-PAGE. B, micrographs of negatively stained samples showing the phage-extracted tail complex (left panel),
the 8-11-12 complex (middle panel), and the recombinant 8-11-12 plus gp17 complex assembled in vitro. The bar represents 30 nm. Representative views of
fiber complexes are highlighted with a red circle. In the upper left corner is shown a zoomed-in complex where the C-terminal end of the fiber is marked with an

arrowhead.

strated that the gp17 trimer forms a kinked thin fiber 2 nm in
diameter and a length of 32 nm. As the length of the fibers we
have reconstructed in the tail is around 15 nm, it is clear that
this density corresponds to the proximal N-terminal half-fiber
(16.4 nm long) described in the isolated gpl7 trimer (20). The
lack of the distal carboxyl part of gp17 in our assembled fibers is
probably due to the flexibility of the fibers around its hinge,
which prevents their averaging. This flexibility has been pro-
posed as a critical factor in the structural transitions involved in
the phage-bacteria interaction, and their conformation might
be stabilized by its interaction with the capsid (15).

Comparison between the tail and the fiber-less models (Fig.
1, C--E) allowed us to clearly define the docking point of the
fibers in specific positions of the middle and the lower tail
domains and to unambiguously identify the composition of
these two domains of the tail complexes formed by proteins
gpl1and gp12.It has been previously discussed that the protein
gp7.3 could be present in the central tail channel or in the tail
tip (14), but we have not detected it in any of the complexes
described here. Although we cannot exclude that the protein
has been lost from the tail during the chemical treatment
needed to extract the tail complex from the virion, the struc-
tural similarity between the structures characterized here and
the one present in the entire phage (15, 16) suggests that gp7.3
protein is not a structural protein of the mature T7 tail.

gpl17 Fiber Assembles into the Tubular Tail Complex in Vitro—
To study the assembly of the different structural components of
the tail complex, we tested whether the 8-11-12 complex was
able to incorporate gp17 protein in vitro. The extracts contain-
ing the 8-11-12 complexes and the extract derived from the
separately cloned gp17 were incubated together at 30 °C, puri-
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fied, and then analyzed for the presence of complexes.
Although purified free gpl7 trimers and control complexes
(not incubated in the presence of gp17) eluted in the size exclu-
sion chromatography column at a volume of 14 and 12 ml,
respectively, the complexes assembled in the presence of gp17
eluted at a volume of 8 ml (Fig. 2A). This difference in elution
volume suggested an increase in the size of the gp17-incubated
complexes. SDS-PAGE of the peak fractions showed the pres-
ence of gp17 in the larger complexes (Fig. 24). Analysis by elec-
tron microscopy of these samples showed that although no
fibers were observed in the control complexes (Fig. 2B, middle
panel), the complexes incubated in the presence of gp17 con-
tained the typical fibers, and they were identical to the ones
extracted from the viral particles (Fig. 2C, right and left panels,
respectively). These experiments strongly suggested that the
His-tagged 8-11-12 complexes present a native structure, as
they are able to assemble the fibers. Furthermore, the binding of
the gp17 fibers to the pre-assembled tubular 8-11-12 complex
suggests that this protein is the last protein to be incorporated
into the virus during the morphogenetic pathway. This result
matches previous experiments in which fiber-less viruses
incorporated fibers using gp17 extracts (14).

Localization of gpl1 and gpl12 Tail Proteins—Cloning and
purification of the isolated gp8, gpll, and gpl2 proteins
allowed us to carry out biochemical assays to identify the inter-
actions that take place inside the tail complex. Pulldown assays
using Dynabeads coated with anti-gp8 antibody allowed us to
assign the interaction between gp8 and gp11 proteins (Fig. 3A4).
Although purified gp11 alone was not able to bind to the anti-
gp8 antibody-coated beads, a significant amount of this protein
interacted with gp8 as seen in the precipitation with the gp8
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FIGURE 3. Localization of the tail proteins inside the complex. A, Coomassie-stained SDS-PAGE (left panel) showing the purification of connector (gp8) and
minor tail (gp11) proteins. Western blot was developed with an anti-His tag antibody showing the pulldown assays used to characterize the gp8-gp11
interaction (right panel). B, chromatogram showing the elution volume of the gp11-purified protein. The arrows show the elution volume of the void volume
(V) and the protein markers as follows: 1, bovine albumin (67 kDa); 2, ovalbumin (43 kDa); 3, carbonic anhydrase (29 kDa), and 4, cytochrome ¢ (14 kDa).
AU, absorbance units. , side section of the tail complex structure showing the localization of gp8 (red), gp11 (dark blue), gp12 (green), and gp17 (orange)
proteins. D, Coomassie-stained SDS-PAGE (left panel) showing the purification of the major tail protein (gp12). Middle panel, micrograph of a negatively stained
sample showing a gp12 representative field. Side views and end-on views are marked with a red square and a circle, respectively. Right panel, two different side
views of the reconstructed gp12 monomer structure (green) docked inside of the gp12 hexamer volume segmented from the 8-11-12 complex structure (gray
contour lines). The scale bar, 4 nm.

antibody (Fig. 3A). This interaction clearly identifies the loca- Protein gpll Shares Structural Similarities with Adaptor-
tion of gp11 inside the reconstructed tail complex, as forming  Gatekeeper Proteins from Other Phages— gp4 from phage P22
the 12-fold symmetric toroidal domain immediately below the and gp11 from phage T7 have similar locations, and therefore
connector (Fig. 3C), an oligomeric state previously proposed for ~ both proteins might share structural features. Even though no
gpl1 (14). To study the oligomeric state of gp11 in solution, we  sequence homology was found between these proteins, protein
performed size exclusion chromatography of the purified pro-  structure prediction methods suggested that they indeed might
tein (Fig. 3B). The protein eluted between 43- and 29-kDa pro- have a common fold. The model of the gp11 T7 protein was
tein markers, which clearly suggests that the protein is present  thus obtained by threading methods using as a template the gp4
as a monomer in solution when it is not interacting with gp8  protein of P22 (13). The overlay of the gp11 model with the
connector protein. The location of gpl1 in the tail, together atomic structures of proteins gp4 from P22 and also gp6 from
with its oligomerization change upon assembly (between mono-  Siphoviridae phage HK97 pointed to the presence of four a-heli-
mer and dodecamer), strongly suggests that gpll could be a ces preserved in all three structures (Fig. 4A4) (13, 37). The
gatekeeper protein that acts as an adaptor protein. In other ~N-terminal end of the gpl1 structure is nevertheless unique,
phages these proteins also show a monomeric form that and its atomic structure could not be predicted by the thread-
acquires a dodecameric architecture after interacting with the ing. Our results indicated that gp11 would be formed by two
connector (3, 13, 37, 38). different modules as follows: one, which is more conserved with
The third structural component of the tail tube, gp12, would  respect to other tailed phages (13, 37, 39, 40), builds the central
then form the end of the tail, including the conical tube, the channel of the gatekeeper structure, and second, another new
nozzle, and the small extensions below the fibers (Fig. 3C). The module that might be involved in the interaction with the fibers
existence of 6-fold symmetry in this domain (previously sug- for their subsequent binding. The differences between fiber and
gested in Ref. 14) supports a fixed fitting of this domain with the  spike structures presented in T7 and P22 (41), respectively, may
upper gatekeeper. The size of the gp12 protein (89 kDa) allowed  explain the modifications in the corresponding folds of the
its direct observation in the electron microscope (Fig. 3D, mid-  gatekeeper proteins.
dle panel). Image processing of negatively stained samples led The presence of two cysteine residues in the gp1l1 sequence
us to obtain the 3DR of the gp12 protein. The volume presented  (C121 and C159, Fig. 4B, left panel) allowed testing the validity
an elongated shape (around 14 nm long and 4 nm wide), whose  of the threaded gp11 model. According to our proposal, these
structural features are in agreement with the volume of each of  residues are placed close enough in the folded structure to form
the six monomers observed in the conical domain of the tail a disulfide bond under nonreducing conditions. Gel electro-
(Fig. 3D, right panel). The fitting of the gp12 negatively stained  phoresis analysis of purified gp11 in the absence of reducing
volume in one of the six lobes of the gp12 hexamer segmented agent showed the presence of a band migrating faster (gp11-SS)
from the 8-11-12 cryo-EM map (Fig. 3D, right panel) strongly  than the reduced gp11 (Fig. 4B, right panel). This could indicate
suggests that gp12 is also present as a monomer in solution and  that an intra-molecular disulfide bond is indeed formed. A sim-
that it is its interaction with the gp11 gatekeeper that drives its ilar result was obtained when the protein was assembled inside
assembly as a hexameric nozzle containing the tail end. the 8-11-12 complex, indicating that this disulfide bond was
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FIGURE 4. Bacteriophage T7 gp11 protein. A, ribbon representation of the gp11 T7 model overlapped with the atomic structures of the gp4 P22 (PDB code
3LJ4) and gp6 HK97 (PDB code 3JVO). N- and C-terminal ends and a4 helix are marked with arrows. B, ribbon representation of gp11 showing the position of
the cysteine residues Cys-121 and Cys-159. The square represents the zoomed-in area (bottom panel). Coomassie-stained SDS-PAGE showing the behavior of
the proteins of the 8-11-12 complex and gp11 in the presence (+) or absence (—) of the B-mercaptoethanol-reducing agent (right panel). The bands corre-
sponding to the gp8, gp11, and gp12 monomers and intra-molecularly disulfide-bonded gp11 (gp11-SS) and inter-molecularly disulfide bonded gp12
(gp12-SS) are marked with arrowheads. C, docking of the gp11 pseudo-atomic structure inside of the volume segmented from the 8-11-12 complex structure
showing an end-on (left panel), side (middle panel), and side section views (right panel). The location of the internal a4 helix is contoured with a red dashed line

and an arrow. The location of the N-terminal and C-terminal ends are marked with arrows.

formed when the protein is in its native structure (Fig. 4B, right
panel). In the latter case, a high molecular mass band (gp12-SS,
with a relative mass higher than 150 kDa) was also observed
when the reducing agent was absent (Fig. 4B, right panel). The
partial disappearance of the gp12 monomer band and the pres-
ence of five cysteine residues inside its sequence suggested that
this band could correspond to inter-molecular gp12 disulfide
cross-linking.

To generate a pseudo-atomic model of the gpll toroidal
complex, the volume corresponding to this protein was seg-
mented out of the 8-11-12 complex structure. Then 12-fold
symmetry was imposed to the map, and the threaded gpll
model was docked inside this volume (Fig. 4C). The precise
docking of the model confirmed that gp11 was present in the
phage as a dodecamer, as is the case for gp4 from P22 (13) and
gp6 from HK97 (37). The docking shows that the oligomer is
assembled in the same way as in P22, with the a4 helix (the most
C-terminal of the helices) building the internal surface of the
central channel (Fig. 4C, right panel, contoured in red). The
C-terminal domain ends in a long loop that might be implicated
in the interaction with the connector (Fig. 4, B, left panel, and C,
arrows). The nonmodeled N-terminal side of the protein is
located at the outside part of the ring, and it might form an
interaction surface with the fibers.

Protein gp8 Presents an Internal Channel Formed by a 24a-
Helix Stretch Characteristic of Connector Proteins—The 3DR of
the 8-11-12 complex also allowed us to obtain a detailed model
of the structure of the connector (gp8) and its interaction with
the gatekeeper (gp11). The model of gp8, containing residues
1-497, was obtained by threading using the P22 connector
(gpl) as template (Fig. 54) (13). The threaded model presented
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the overall structure previously described for other connector
proteins (2), composed by the stem, crown, and wing domains
(Fig. 5A, right panel). The superposition of the gp8 model with
the atomic structures of p10 from $29 (42, 43), gp1 from P22
(13), and gp6 from SPP1 (44) showed that the topology of the
helices that form the internal surface of the channel is con-
served among the four structures (Fig. 54, left panel). The lower
end of these structures, which can be either formed by a helix-
B-sheet motif or an unstructured loop, is highly variable. This
structural variability is probably related to the multitask activity
of this region, which has to interact with the viral ATPase (ter-
minase) in the early steps of the assembly pathway (the termi-
nase is later detached from the complex and replaced by the
gatekeeper protein). Another region that showed variability
was the C-terminal region, where a group of three helices adopt
a more open or close conformation depending on the connec-
tor protein. Segmentation of the gp8 volume from the 8-11-12
complex map allowed docking the model inside (Fig. 5B). A
good fit is observed between the model and the cryo-EM map,
confirming the quality of the structural model obtained. The
only discrepancy is located at the bottom part (Fig. 5B, middle
and right panels), suggesting that this region may have a differ-
ent conformation in the assembled tail complex for the reasons
discussed above. The segmented volume presents some differ-
ences with the structure previously described for the isolated
connector, notably in the C-terminal domain (crown) (18). This
region was found more prominent in the isolated connector
dodecamer, suggesting that it might present some structural
flexibility when gp8 is assembled in the tail structure.

The fitting of the pseudo-atomic models of gp8 and gpl1
inside the 8-11-12 complex 3DR showed that both proteins
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FIGURE 5. Bacteriophage T7 gp8 connector protein. A, ribbon representation of residues 1-497 of the gp8 model (left panel) overlapping with the connector
atomic structures of the gp6 SPP1 (PDB code 2JES), residues 1-602 of the gp10 P22 (PDB code 3LJ5),and p10 ¢29 (PDB code TH5W). On the right, the gp8 1-497
model show the connector domains as follows: wing (blue), stem (yellow), and crown (green). The conserved helices forming the internal channel are marked
with a red dashed line. B, docking of the gp8 pseudo-atomic structure inside of the volume density segmented from the 8-11-12 complex structure in an end-on
(left panel), side (middle panel), and a side section views (right panel).
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FIGURE 6. Model of the gp8-gp11 complex. A, volume built from the gp8 and gp11 proteins segmented from the 8-11-12 complex structure (left panel). Right
panel, ribbon representation of the gp8 (residues 1-497) and gp11 pseudo-atomic structures fitted into the 8-11-12 complex structure. A single subunit of the
gp8 connector protein is shown in red and that of the gp11 protein is shown in blue. B, electrostatic isosurface of the gp8-gp11 channel inner wall calculated
using University of California at San Francisco Chimera software showing six chains of each protein. The color code ranges from red (negative) to blue (positive).

i
ST T
gp12 o ¢ l I I

FIGURE 7. Diagram representation of the T7 tail assembly pathway. Schematic picture showing the sequential assembly pathway proposed for the tail
proteins. gp11 and gp12 monomers are represented in blue and green, respectively, and gp17 fiber trimers are shown in orange. Once the DNA is packaged
inside the capsid, gp11 assembles upon binding to the connector (in red), and subsequently, gp12 monomers dock to the gatekeeper protein generating the
proper environment allowing the interaction of the fiber trimers to build the final mature tail.

present an overall assembly and interaction very similar to the
one previously described in P22 (13), with the characteristic
helices forming the central channel of the tail assembly (Fig.
6A). The electrostatic isosurface of the complex showed that
the internal channel presents an overall negative charge (Fig.
6B). This highly electronegative environment has also been
described for other portal channels as an essential characteris-

asEve\
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tic to avoid DNA interaction with the complex during the pack-
aging and ejection processes (2).
DISCUSSION

Our results reveal the detailed location of gp8, gp11, gp12,
and gp17 proteins in the tail of bacteriophage T7 (Fig. 3C). The
overall architecture of the T7 tail is very similar to the one of
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P22 bacteriophage (41), also belonging to the Podoviridae fam-
ily, composed of a gatekeeper protein that serves as an anchor-
ing point for the rest of the tail components to the viral head.
The results presented here show that the folds and interactions
between the connector and gatekeeper proteins belonging to
both phage types seem to be closely related. Evolutionary stud-
ies have clearly shown that structural folds usually diverge
slower than amino acid sequences, and thus structural similar-
ity can be used to infer an evolutionary and functional relation-
ship between viruses (40). The structural similarities found
between the connector and gatekeeper proteins of T7 and other
phages also reinforce the idea that bacteriophages share several
key building blocks that have been conserved during evolution.
Capsid protein and connector proteins have been well charac-
terized as basic evolutionary keystones for the existence of
common mechanisms for building highly efficient DNA-con-
taining particles. The existence of similarities also in gatekeeper
proteins belonging to Podoviridae, Siphoviridae, and Myoviri-
dae phage families (5, 40) could suggest that a common molec-
ular mechanism has been favored to carry out the transition
among the later steps of viral assembly to synchronize the
switch between DNA packaging and tail protein attachment.
Our experiments suggest a sequential interaction of the T7 tail
proteins during the viral maturation (Fig. 7), revealing that the
different monomeric proteins only assemble into the tail com-
plex after the precursor structure generates the proper interac-
tion domains, a mechanism closely related to the one described
for bacteriophage P22 (45, 46). In this way, a possible sequence
of the final steps in the maturation process could be as follows:
after the DNA is fully packaged by the terminase inside the
prohead, the connector must undergo a structural change to
trigger the release of the terminase. This change, in turn, favors
the interaction with monomers of the protein gp11, which will
dock to the portal vertex building the dodecameric gatekeeper
to secure the DNA inside the mature viral head. This complex
subsequently allows the interaction with gp12 and the assembly
of six gp12 monomers to form the hexameric tubular end of the
tail and the nozzle, to close the DNA ejection channel of the tail.
Once the tail tubular structure is formed, the interface between
the gp11 and gp12 proteins generates the appropriate structural
environment to interact with six gp17 trimers to bind the fibers
and to generate the complete tail.
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