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(Background: The complex formed by the terminase and the connector provides the structural framework and the chemical
energy for DNA packaging during bacteriophage morphogenesis.
Results: The terminase builds a pentamer that presents two conformational topologies.
Conclusion: The conformational change of the terminase might be coupled to DNA packaging.
Significance: Terminase function might be based on concerted intersubunit movement within the connector-terminase

J

During bacteriophage morphogenesis DNA is translocated
into a preformed prohead by the complex formed by the portal
protein, or connector, plus the terminase, which are located at
an especial prohead vertex. The terminase is a powerful motor
that converts ATP hydrolysis into mechanical movement of the
DNA. Here, we have determined the structure of the T7 large
terminase by electron microscopy. The five terminase subunits
assemble in a toroid that encloses a channel wide enough to
accommodate dsDNA. The structure of the complete connec-
tor-terminase complex is also reported, revealing the coupling
between the terminase and the connector forming a continuous
channel. The structure of the terminase assembled into the
complex showed a different conformation when compared with
the isolated terminase pentamer. To understand in molecular
terms the terminase morphological change, we generated the
terminase atomic model based on the crystallographic structure
of its phage T4 counterpart. The docking of the threaded model
in both terminase conformations showed that the transition
between the two states can be achieved by rigid body subunit
rotation in the pentameric assembly. The existence of two ter-
minase conformations and its possible relation to the sequential
DNA translocation may shed light into the molecular bases of
the packaging mechanism of bacteriophage T7.

The assembly pathway is highly conserved in DNA bacterio-
phages (such as tailed phages) and in animal viruses such as
herpes and adenovirus (1-3). These viruses a first assemble a
protein prohead where the DNA is later packaged through a
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portal located at a unique icosahedral vertex. The high forces
required to push the DNA against the internal pressure of the
capsid are up to 110 piconewtons (4—7), and the packaging
process requires the hydrolysis of one ATP molecule for the
translocation of each 2.5 bp (8-10). The powerful motor
involved is the complex formed by the connector (or portal
protein) plus the terminase. The connector is a dodecameric
assembly that sits in the prohead portal vertex and builds a
channel for the passage of the DNA (11, 12). The terminase is
composed by two proteins; the small one recognizes the DNA,
whereas the large one provides the chemical energy for trans-
location. This large terminase is also involved in the processing
of the concatemeric DNA to ensure the encapsidation of one
single genome (in those cases where the replication process
yields multimeric DNA). Once the DNA is packaged, the ter-
minase detaches from the connector-terminase complex, and
the tail assembles to the connector building the infective final
virion (for review, see Refs. 13 and 14).

The connector shows an overall common architecture that
has been extensively characterized in different viral systems
(11). The toroidal dodecameric connectors present distinct
domains to accommodate the connection between the prohead
and the outer viral components (terminase, tail), with a con-
spicuous central channel that fits the dsDNA molecule. The
symmetry mismatch between the connector (12-folded), the
capsid vertex (5-fold), and the DNA (pseudo 10-fold) has been
suggested as instrumental to the translocation mechanism (15),
although a rotation inside the capsid has been discarded (16,
17). On the other hand, small terminases are quite variable in
stoichiometry and dimensions (18 -23), and the large termi-
nases show conformational heterogeneity (14, 24-26), thus
hindering in both cases their structural characterization. A
common feature in large terminases is the presence of sites for
ATP binding and DNA cleavage. Based on their structural sim-
ilarity to other ATPases associated with diverse activities (27), it
has been proposed that the large subunit undergoes a confor-
mational change in response to ATP hydrolysis to physically
move the DNA (28-31). A more detailed knowledge of the
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connector-terminase complex is required to understand the
precise role of its components in the translocation mechanism.

The genus T7-like bacteriophages include T7 coliphage and
the closely related phage T3 (32). They present an icosahedral
head filled with a dsDNA of 40 kb and a short non-contractile
tail. The prohead is formed by the capsid proteins (gp10, A and
B), the scaffolding (gp9), the core (gp14, gp15, and gp16) and
the connector (gp8). The prohead interacts with the large sub-
unit of the terminase complex (gp19), whereas the DNA binds
to the small subunit (gp18). When the DNA interacts with the
prohead the packaging starts, and the capsid undergoes a mat-
uration process (for review, see Ref. 33). The transition between
the prohead and the mature capsid involves structural modi-
fications in the shell and the core components (34-36).
Although the structure of the connector of T7 has been deter-
mined at 8 A resolution (37, 38), there is far less information on
the terminase. Using a T3 defined in vitro packaging system (24,
39-41) it has been possible to quantify the energy consump-
tion of gp19 during DNA packaging (42) as well as to determine
its functional domains (25, 43).

The location of the ATPase and nuclease regions in the
amino and carboxyl domains, respectively, is well conserved in
many large terminases (42, 44 —48). Furthermore, certain fold-
ing motifs such as the Rossmann fold in the amino domain (30)
and the RNase H-like-fold are also present in the terminase
carboxyl domain of T4, human citomegalovirus, SPP1, and P22
(26, 30, 49, 50). In addition, although most large terminases
exist as monomers in solution (26, 47, 51, 52), its oligomeriza-
tion state may change during the packaging machinery assem-
bly, as shown in 29 and T4 (30, 53). However, due to its aggre-
gation tendency, the structure or even the stoichiometry of the
T7 gp19 terminase have not been defined so far (25, 43).

Here, we report the structures of the T7 pentameric large
terminase both isolated and bound to the connector as part
of the connector-terminase complex, obtained by electron
microscopy (EM). These structures reveal two conformational
states for the terminase, achieved by reordering the topology of
its monomers. The coupling of symmetries between the 12-fold
connector and the 5-fold terminase and the features of the gp19
morphological change provide clues for the understanding of
the T7 translocation mechanism.

EXPERIMENTAL PROCEDURES

Samples Preparation—Gpl9 was purified from Escherichia
coli strain BL21 pLys DE3 using a two-step purification proto-
col as described elsewhere (54, 55). Briefly, the soluble gp19 was
concentrated at 4 °C by 3-30% ammonium sulfate precipita-
tion, purified by nickel affinity chromatography, and centri-
fuged either on a glycerol gradient (for ATPase activity assays)
or GraFix gradient (for EM analysis). Before the gradient, the
sample was dialyzed and concentrated by using Amicon ultra
centrifugal tubes 0.5 ml, 10 K (Millipore). ATPase activity
assays were performed using thin layer chromatography (52,
56) and radioactivity-labeled [y->*P]ATP (Taper) as described
previously (55).

For GraFix experiments (57), gp19-enriched fractions were
dialyzed in buffer C: 50 mm sodium phosphate buffer, pH 7, 300
mum NaCl, 10 mm MgCl,, 1 mm ADP, 5 mm DTT, and 20% (v/v)
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glycerol. A density gradient primer (Gradient Master, Bio-
comp) was used to prepare the GraFix tubes: 20-50% glycerol
and 0.09-0.15% glutaraldehyde in buffer C. Gradients were
centrifuged at 35,000 rpm for 16 h at 4 °C using SW55Ti rotor.
The cross-linking was finished by adding glycine 80 mwm (final
concentration) to the collected fractions. Aliquots of the frac-
tions were stored at —20 °C. Bovine Serum Albumin, aldolase,
and ferritin (Amersham Biosciences) were used as molecular
weight markers in a control gradient (without glutaraldehyde)
under identical conditions.

Gene 8 was cloned in the plasmid pET28Aa (Novagen) with 5
histidines on its carboxyl-terminal domain (kindly provided by
R. Perez-Luque and M. Coll). A 1-liter culture of BL21 DE3 pLys
E. coli was grown to stationary phase in LB medium containing
35 wg/ml chloramphenicol and 50 ug/ml kanamycin at 37 °C
and then induced with 1 mwm isopropyl 1-thio-B-p-galactopyra-
noside for 2—-3 h. The cells were centrifuged for 15 min at 4 °C
(6000 rpm). The pellet was resuspended in 20 ml of lysis buffer:
20 mMm Tris-HCL, pH 7.7, 500 mm NaCl, 50 mm MgCl,, 3 mm
2-mercaptoethanol, 10 mm imidazole, 20 wg/ml DNase, 10
pg/ml RNase, and protease inhibitors EDTA free (Roche
Applied Science). The solution was incubated for 30 min on ice
and centrifuged (15 min, 7000 rpm at 4 °C), and the pellet was
discarded. The supernatant was processed on Cobalt Talon
resin (Clontech) (2 ml resin/11 culture) using wash buffer (20
mM Tris-HCI, pH 7.7, 500 mm NaCl, 3 mm 2-mercaptoethanol,
and 10 mm imidazole) and up to 350 mm imidazole in wash
buffer for elution. Finally, the sample was dialyzed on 50 mm
sodium phosphate buffer, pH 7, 300 mm NaCl, 10 mm MgCl,,
and 20% (v/v) glycerol for the connector-terminase interaction
assay.

The production of the connector-terminase complex was
carried out as follows. Purified gp19 and gp8 were concentrated
and dialyzed in buffer D (50 mm sodium phosphate buffer, pH 7,
300 mm NaCl, 20 mm MgCl,, 5 mm DTT, and 20% (v/v) glyc-
erol) using Amicon ultracentrifugal tubes. Equimolar quanti-
ties (2.5:1) of both oligomeric proteins were added to the reac-
tion volume (250 ul) containing 1 mm ATP in buffer D. The
reaction mixture was incubated for 90 min at 30 or 37 °C to
induce complex formation. Ultracentrifugation conditions
were the same as for gp19 GraFix.

Electron Microscopy and Image Processing—For negative
staining microscopy, 10-ul aliquots of the fractions containing
the purified oligomeric terminase were applied to glow dis-
charged freshly evaporated carbon copper-collodion grids for
1 h at 4 °C and stained with a 2% uranyl acetate solution (w/v).
The connector and connector-terminase complex were pre-
pared for negative staining microscopy by applying the carbon
sandwich technique as described in Ohi et al. (58).

Images were collected on a Philips TecnaiG> FEG 200 (FEI)
electron microscope at 100 kV (terminase) and 200 kV (con-
nector and connector-terminase complex) by using an Eagle 4k
CCD camera to a final magnification of 67,000X under mini-
mum dose conditions. The defocus of the selected images
ranged from 1.5 to 3.2 um. The pixel size corresponded to 4.4
A/pixel in both the terminase and the connector and 4.2
A/pixel in the case of the complex (59, 60).
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The contrast transfer function correction was performed
using the Wiener filter approach. All particle images were ini-
tially classified using reference-free methods in XMIPP: Maxi-
mum Likelihood (ML2D) (61) for the terminase and clustering
approach classification methods (CL2D) (62) for the connector
and the complex to select the best ones for the three-dimen-
sional model building. The initial three-dimensional references
for the three reconstructions were obtained by common line
procedures using the EMAN software (63). These initial models
were subjected to three-dimensional maximum likelihood clas-
sification XMIPP (ML3D) (64) or multi-reference alignment
methods in EMAN software until the resolution of the prelim-
inary models did not significantly increase. The final refine-
ment of the three-dimensional reconstructions was performed
using the projection matching protocol implemented in
XMIPP software (64). Finally, on the connector-terminase
complex, rotational analysis of the harmonic components of
the different planes of the unsymmetrized reconstruction was
used to calculate the actual symmetry of each region. The val-
ues obtained show an excellent correlation corresponding with
the terminase (5-fold) and the connector (12-fold); based on
that analysis, symmetry was applied to improve the quality of
the reconstruction. The final resolutions using the 0.3 Fourier
shell correlation criterion were 16 A for the terminase recon-
struction, 20 A for the connector, and 29 A for the complex.
The cryo-EM model of the connector (37) was filtered to 20 A
for comparison using Spider software (65).

Structural Analysis and Segmentation—The difference vol-
ume between the connector and the connector-terminase com-
plex was calculated using Chimera Software (66). Segmentation
of the terminase from the complex reconstructed density was
performed manually using Chimera software (66) by visual
inspection of the density displayed at different o levels. The
electrostatic surface potential was calculated with the Coulomb
Surface Coloring option in Chimera.

Generation of the gp19 Atomic Model in the Terminase EM
Volumes—In this work we used HHpred (67), which is based on
the comparison of the profile HMM (Hidden Markov Model),
generated for the target sequence, and those in a library, gener-
ated for proteins of known structure. In this way we obtained
several template candidates, the best being the gp17 protein of
bacteriophage T4 (PDB code 3CPE). Based on curated align-
ments of the different domains of the terminases (14, 28), we
refined the alignment between gp19 and gp17 and generated a
final three-dimensional model with Swiss-PdbViewer and
Swiss-Model (68). We also used these programs for evaluating
the quality of the model.

The gpl9 monomer model was manually fitted as a rigid
body into the EM electron density using Chimera and refined
computationally using CoLoRes program from the SITUS
package (69). The calculation of the correlation coefficients at
different thresholds, by applying either standard cross-correla-
tion or Laplacian methods, leads to an unambiguous assigna-
tion of the hand in the terminase volume. The correlation coef-
ficient between the complete pentameric model and the
terminase EM volume was found to be 0.79.
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RESULTS AND DISCUSSION

Purification and Characterization of Bacteriophage T7 Large
Terminase—Large terminases from dsDNA bacteriophages
present intrinsic instability during purification (25, 43), some-
thing that has hindered their analysis in different viral systems
(14, 26). The large terminase of bacteriophage T7 is coded by
gene 19, and the complete gp19 protein was expressed and puri-
fied (see “Experimental Procedures”). In parallel to the standard
glycerol gradient ultracentrifugation (see above), we applied
the GraFix technique (57), which combines a light fixation with
ultracentrifugation to ensure the stabilization of the sample.
The Grafix gradient (Fig. 14) showed a peak of gp19 near the
top of the gradient in fractions 3— 6 that may correspond to its
monomer form. A cross-linked, higher molar mass band was
also present centered in fractions 7-11 (box, Fig. 1A). The anal-
ysis of these later fractions by EM showed the presence of ring-
shaped structures consistent with oligomeric assemblies of
gp19. Higher order assemblies were also found toward the bot-
tom of the gradient, suggesting an aggregation tendency that
has been characterized in previous work (55). To elucidate the
approximate size of the gp19 assemblies, a control gradient was
performed with several proteins acting as molecular weight
markers (Fig. 1B). The bovine serum albumin (66 kDa) profile
mimics the monomeric terminase (67 kDa) in fractions 3-5.
The mobility of the cross-linked gp19 oligomers (fractions
7-11) falls between the aldolase (158 kDa, fractions 5-9) and
ferritin (440 kDa, fractions 11-13). Considering the molecular
mass of the gp19 monomer, such a profile is consistent with the
pentameric assembly (335 kDa) previously reported for the T4
large terminase ring (30). To assess the functional relevance of
the gp19 oligomeric states, we checked the ATPase activity, an
intrinsic property of large viral terminases (42, 44 —48), in the
equivalent non-fixed gpl9 gradient fractions. Fig. 1C shows
that ATPase activity was found among fractions 5-9 (box),
which are those containing the gp19 oligomers. The analysis of
these fractions by electron microscopy revealed the presence of
ring-like oligomers of around 160 A in diameter (Fig. 1D,
arrows). These results show that the full-length gp19 terminase
oligomerizes in solution forming functionally active ring com-
plexes, in accordance with the previous finding of ATPase
activity in the gp19 oligomer provided by a completely different
approach (54). The gp19 ring oligomers showed dimensions
and an overall shape consistent with other previously described
oligomeric terminases (29, 30). The two-dimensional averaged
images (Fig. 1D, lower row) could be interpreted as end-on,
tilted, and side views of the gp19 ring. Rotational analysis of
end-on views showed a main peak on the fifth harmonic (Fig.
1E). The two-dimensional 5-fold averaged symmetrization of
the gp19 oligomer front views (Fig. 1E, inset) supports the inter-
pretation that the gp19 ring is, indeed, a pentamer. This is a
novel result, as, although pentameric symmetry is present when
terminases are assembled into the viral prohead (30, 53), most
of the terminases described so far exist as monomers in solution
(26,47, 51, 52).

Structure of the Large Terminase Pentamer and Modeling of
gp19 into the EM Volume—14,097 images were used to gener-
ate the three-dimensional reconstruction of the pentameric
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FIGURE 1. Purification of the oligomeric active terminase and EM analysis. A, SDS-polyacrylamide gel electrophoresis of the fractions from a GraFix
centrifugation show the presence of the gp19 monomer (fractions 3-8) and oligomer (box, fractions 5-11). Bands were detected by staining with Coomassie
Brilliant Blue. L, load; Std, protein standards; lane B, bottom of the centrifuge tube. B, shown is SDS-polyacrylamide gel electrophoresis of the fractions from a
gradient centrifugation of a mixture of molecular mass markers: bovine serum albumin (66 kDa, peak in fraction 3-5), aldolase (158 kDa, peak in fraction 5-9)
and ferritin (440 kDa, peak in fraction 11-13). Lane B, bottom of the centrifuge tube. C, shown is measurement of the gp19 ATPase activity. ATPase assays were
tested in duplicate; — represents buffer control. The concentration of gp19 tested in each assay was 0.45 um. The box highlights the active oligomeric fractions
from 510 9. Pirepresents inorganic phosphate. D shows a negatively stained sample of a field of purified large terminases (arrows). Lower row, two-dimensional
averaged images of the oligomeric terminase. £, rotational analysis of the harmonic components (x axis) of the end-on averaged image of the terminase shows
the existence of 5-fold symmetry (percentage of total rotational power in the y axis). Inset, averaged image with imposed pentameric symmetry. The scale bar

represents 100 A.

gpl9 large terminase (see “Experimental Procedures”). The
imposition of 5-fold symmetry to the reconstructed volume
rendered a model with an estimated resolution of 16 A (Fig. 24).
The T7 large terminase oligomer shows a 5-lobe star-shaped
morphology with an external diameter of ~160 A and 65 A in
height. Each lobe is divided in two domains with different size
(Fig. 24, side view). Adjacent lobes are linked through their
small domains, and the complete structure forms an open
channel of ~35 A in diameter, wide enough to accommodate
dsDNA (70). This general topology resembles the gp17 termi-
nase structure derived from cryo EM of whole T4 proheads
(30). The comparison of the sequences of gp19 from phage T7
and gpl7 from T4 is shown in the Fig. 2B. Despite a modest
homology in sequence alignments (12%), there is a consistent
similarity in secondary structure prediction. This fact together
with the presence in all viral terminases of functional ATPase
motifs, also conserved in helicases, translocases, and restriction
endonucleases (28), supported the generation of an atomic
model of the gp19 monomer by-fold recognition using the T4
gpl7 structure as a template (Fig. 2C, orange). The gp19 atomic
model (Fig. 2C, blue) presents a major amino domain (residues
1-229) linked by a hinge region (residues 230-305) to the
smaller carboxyl domain (residues 306-476). The overall
shape and size of this model fit well with the two subdomains of
each lobe of the EM gp19 ring (Fig. 2D, inset). The model for the
pentameric form of gp19 was generated by 5-fold symmetriza-
tion of the best fit of the gp19 atomic model to the EM volume
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followed by a global structure refinement. The final molecular
model (achieved using rigid modeling without major bending
or partitioning of the gp19 molecule) closely resembles the fea-
tures of the EM volume with an overall correlation coefficient
of 0.79 (Fig. 2D).

Although the gp19 pentameric terminase showed ATPase
activity by itself (see Fig. 1C), its assembly with the rest of the
packaging machinery must be instrumental to define its physi-
ological structure (25). In fact, the topology and orientation of
the terminase during its transient interaction with the prohead
is mainly directed by its binding to the connector to yield the
complex responsible for the DNA translocation inside the viral
prohead (71). For that reason we decided to purify the connec-
tor-terminase complex to understand the specific arrangement
of the packaging motor that constitutes the viral DNA translo-
cation mechanism.

Structural Characterization of the Connector-Terminase Com-
plex—Equimolar amounts of gp19 (terminase) and purified gp8
(connector protein assembled as dodecamers) were incubated
in the presence of different amounts of magnesium ions and
ATP to eventually favor their interaction (43). This reaction
mixture was analyzed by glycerol gradient ultracentrifugation
to isolate the putative gp8-gp19 complexes (Fig. 34). Although
gp19 moved mainly in fractions 3—5 (box) and the dodecameric
connectors moved mainly in fractions 7-9 (box), the gradient
containing the gp8-gp19 mixture showed an additional peak of
gp19 in fractions 11-12. This second peak together with the
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FIGURE 2. Three-dimensional reconstruction of the pentameric large ter-
minase and fitting of the gp19 atomic model. A, shown is an EM recon-
struction of the pentameric terminase. The structure is shown in three differ-
ent orientations, as indicated. B, sequence alignment used for the modeling
of the T7 large terminase (gp19, target protein) based on the template struc-
ture of the T4 large terminase (gp17, 3CPE) shows conserved motifs at the
amino acid level and the secondary structures correspondence. C, shown is a
comparison of the gp17 atomic structure (in orange) and the gp19 final model
(in blue). D, shown is a translucent model of the terminase structure together
with the fitted atomic model of the gp19 pentamer in end-on and side views.
Each gp19 monomer is presented in a different color. Inset, two detailed views
of the fitted monomer in different orientations. The scale bar represents 50 A.

stoichiometry of gp19 and gp8 are consistent with the existence
of a putative complex within these fractions (box).

The low proportion of complexes is in accordance with the
transient interaction reported between gp19 and gp8. Thus we
reproduced the complex purification by applying the GraFix
technique, enhancing the stability and contrast of the complex
for subsequent structural analysis.

The electron microscopy analysis of the gp8-gp19 complex
showed ring-shaped projections, very similar in dimensions
(190 A in diameter) to the isolated connector end-on views
described before (37). Other views exhibiting an elongated
shape that could be interpreted as side views of the complex and
their size (210-240 A) fit with the sum of the connector and
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terminase heights (144 A and 65 A, respectively). The three-
dimensional reconstruction of the complex revealed a barrel-
shaped structure with two characteristics views, one circular
end-on view and another elongated side view. The correlation
between the projection images of the reconstructed complex
model (Fig. 3B, upper row) and the averaged projection images
(Fig. 3B, lower row) showed 12-fold symmetry in one side of the
volume that would correspond to the connector protein. The
side view revealed the presence of two different domains (one
bigger than the other) separated by a constriction (Fig. 35,
arrowheads). Considering that the molar mass of the connector
is almost two times bigger than the pentameric terminase (708
and 335 kDa, respectively), it is tempting to correlate the bigger
domain with the connector and the smaller one with the termi-
nase. Fig. 3C presents the three-dimensional reconstruction of
the connector-terminase complex obtained from 11,650 parti-
cles to a final resolution of 30 A. The model shows two distin-
guishable domains with different rotational symmetries, build-
ing a central channel. The entire complex is 220 A high, and it
has a maximum diameter of 190 A in the 12-fold domain and
165 A in the 5-fold domain. The width of the channel varies
from 55 A in the 12-fold part to around 30-35 A in the 5-fold
part. Although the overall morphologies, sizes, and symmetries
of the two domains strongly suggest the correlation of each
complex domain to either the terminase or the connector, we
decided to complement the reported structure of the terminase
with a three-dimensional reconstruction of the isolated con-
nector to validate the topology of the complex.

Topology of the Packaging Complex and Modeling of the Pen-
tameric Terminase within the Complex—T o elucidate the posi-
tion of the connector within the connector-terminase complex,
purified connectors were subjected to the same preparation
protocol as the complex. The three-dimensional reconstruc-
tion was carried out using 17,382 images to a final resolution
around 20 A. The previously reported cryo-EM reconstruction
of the connector (37, 38) was filtered to the same resolution as
that obtained for the negatively stained connector (Fig. 44) to
get a direct comparison between both reconstructions. The
negatively stained reconstruction (Fig. 4B) certainly resembles
the cryo-EM connector and other viral connectors (72-74)
considering their dimensions and overall morphology (the
crown, the conspicuous wings, and the stem). The main differ-
ences involve part of the crown region (as was also reported for
the SPP1 connector (72, 75)) and minor differences in the
wings). Based on the good correlation between the cryo-EM
and the negative staining connector structures, we compared
the latter with the connector-terminase complex, both solved
by negative staining (Fig. 4C, gp8 in cyan; complex in gray mesh;
procapsid in orange and yellow). From the overall morphology
and taking into account the internal structure of the channels,
the overlay of the connector and the complex strongly supports
the genuine location of gp8 within the complex (Fig. 4C). The
connector builds the upper part of the complex that connects
through a continuous channel to the lower region that corre-
sponds to the large terminase. This was confirmed by the gen-
eration of a difference volume between the complex and the
connector (Fig. 4D, red) that rendered, apart from minor differ-
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FIGURE 3. Purification and characterization of the connector-terminase complex. A, shown is an electrophoretic analysis of the fractions from glycerol
gradient centrifugation of purified terminase (upper panel), connector (middle panel), and connector-terminase complex (lower panel). L, oad; B, bottom of the
gradient. The gp19 monomer was concentrated in fractions 3-5 (box), the peak of oligomeric connectors corresponded to fractions 7-9 (box), and an
estequiometric proportion of both oligomeric proteins was observed in fractions 11-12 of the lower panel gradient (box), suggesting the existence of a
putative complex. B, shown are projection images from the three-dimensional reconstructed model (upper row) and averaged views from the experimental
images (lower row). The arrowhead points the proposed interface between the terminase and the connector assemblies. The scale bar corresponds to 100 A.
C, side, end-on, and bottom views of the three-dimensional reconstruction of the complex show the two morphologically different domains. The longitudinal

axis of the complex is 220 A, and the maximum diameter is 190 A. The scale bar represents 50 A.

ences in the crown and wings of the connector, the density
corresponding to the terminase.

Besides the general similarities among the isolated connector
and the terminase to the corresponding domains of the gp8-
gp19 complex, there are important differences. The interface
between the connector and terminase domains revealed some
structural differences possibly related to their interaction. Fur-
thermore, there are clear differences in the arrangement of the
terminase subunits comparing the isolated terminase and the
structure of the terminase bound to the connector (compare
Figs. 2 and 4). This observation could indicate the existence of
different conformational states of gp19, as has been proposed
for other packaging ATPases (29, 30). To have a deeper insight
in this possibility, we segmented the terminase domain from
the complex (Fig. 4E). The segmented terminase showed a star-
shaped morphology with a maximum diameter of ~160 A and
~85 A height and enclosing a 35 A diameter channel. Adjacent
lobes were linked through the region opposite to the contact
area with the connector, defining a vorticity in the particle. The
comparison between the isolated and the connector-bound ter-
minase pointed to a significant change in the lobes conforma-
tion, producing a global narrowing of the channel as well as a
height increase of the complex-segmented terminase. To deter-
mine the reorganization of the gp19 molecule upon the inter-
action with the connector, we fitted the atomic model of the
gp19 into the terminase volume segmented from the complex
(Fig. 4F). The docking in the isolated terminase volume and the
compelling similarity between the end-on views in both models
(Fig. 4E, left, and Fig. 2A, right) strongly suggests the orientation
of the gp19 atomic model in the complex-segmented termi-
nase. The fitting was quite accurate (Fig. 4F, left panel), except
for the domains connecting the lobes between adjacent mono-
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mers (Fig. 4F, right panel). These areas will possibly account for
the carboxyl-terminal 110 amino acids of gp19 not present in
our atomic model (due to the absence of corresponding resi-
dues in the threading template; see “Experimental Proce-
dures”). Despite the considerable change among the overall
shape in both terminase conformations, the fitting was
obtained without modifying the structure of the monomer.
The amino acid sequence identity among the terminases
from T7 and the related phage T3 is 86% (92% if we consider the
similarity between the residues). The extensive biochemical
characterization of gp19 in T3 (24, 25, 39-41, 43, 71, 76, 77)
combined with the sequence comparison with other viral ter-
minases (28) allowed the location of the T7 gpl9 catalytic
regions in the atomic model of the complex conformation (Fig.
4@G). As in the rest of large terminases (44 —48), the ATPase
activity center is placed on its amino domain (42), which spans
residue 1 to 229 and conserves the af folding (Fig. 4G in red),
characteristic of proteins that bind and cleave ATP (revised in
Draper and Rao (28)). The ATPase region comprises the char-
acteristic nucleotide binding domains Walker A (*®*AFR-
GIGKS®®), Walker B (**°IIIADD'®'), and the adenine binding
motif (*3CQ>°), as suggested by the absence of ATPase activity
in the G61D gp19 mutant (25, 78). The gp19 carboxyl domain
comprises the nuclease region, presenting a conserved RNase
H/integrase folding built mostly by anti-parallel 3 sheets sand-
wiched between « helices. This conserved folding is also found,
with some length variability, in the nuclease domain of termi-
nases from virus T4, SPP1, human citomegalovirus, and P22
(26, 30,49, 50). The T7 gp19 nuclease region, which is located in
the surface of the channel entrance, encloses residues 344 — 429
(Fig. 4F, in cyan), and its location is further validated by the
previous gp19 mutational analysis (25), which pointed to sev-
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FIGURE 4. Topology of the connector-terminase complex and docking of
the gp19 atomic model. A, shown is filtered reconstruction of the cryo-EM
model of the T7 connector. B, shown is three-dimensional reconstruction of
the connector by negative staining. C, the three-dimensional volume of the
connector (in cyan) fits well in the upper domain of the connector-terminase
complex (in gray mesh). A schematic of the position of the complex in the
procapsid is also included (in orange and yellow). D, shown is difference vol-
ume (in red) between the complex and the connector; besides some minor
differences in the crown and wings of the connector, the main difference
volume corresponds to the lower domain of the complex, which has been
assigned to the terminase. E, shown is a surface representation of the penta-
meric terminase segmented from the connector-terminase complex in two
different orientations, as indicated. F, shown is fit of the gp19 atomic model
into the segmented volume of the terminase complexed with the connector.
Two detailed views of monomer docking are shown in distinct orientations as
indicated (left) and the docking of the pentameric atomic model in end-on
view (right). G, location of the catalytic regions of the terminase structure in
the connector-bound conformation is shown. ATPase motifs are shown in red,
and the nuclease region is in cyan. The scale bars represent 50 A.

eral critical residues: the H344D mutant (active in DNA pack-
aging but defective in DNA cleavage), the H347R (defective in
packaging initiation), and the G369D and G424E (defective in
DNA processing).

Changes in the gp19 Oligomerization Topology Induced upon
Interaction with the Connector—The comparison of the two
terminase conformations revealed differences that might play a
role in the terminase function during DNA translocation. The
terminase bound to the connector is ~20 A taller than the iso-
lated terminase (Fig. 54), and the channel shape changes dras-
tically, becoming narrower in the connector-bound terminase.
The fitting of the monomer in both terminase structures
showed that it is possible to shift from the isolated terminase to
the structure of the terminase in the complex (Fig. 5B) by an
outward rotation and a stand-up rigid body movement of the
gpl9 monomer (see supplemental Movie S1). The topology of
the monomers in the complex shows the two domains almost
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FIGURE 5. Two distinct conformations of the terminase pentamer; iso-
lated terminase and complexed after interaction with the connector.
A, shown is fit of the gp19 monomer atomic model into the EM envelopes of
the isolated (yellow) and complex-segmented terminase (gray). B, shown is
rigid body transition of the gp19 monomer atomic model from the isolated
(upper site) to the complex conformation (lower site). Each helix is depicted in
a different color to highlight the global movement and the absence of intra-
molecular bending. C, shown is electrostatic potential of the isolated termi-
nase surface in end-on view (amino domain up) and side section of the inter-
nal channel (lower panel). D, surface potential of the complex-segmented
terminase in an equivalent end-on view (upper panel) and cross-section of the
internal channel (Jower panel) are shown. The scale bar represents 50 A.

parallel to the longitudinal axis of the complex, specifically
restricting the connector interaction area to the amino domain
of gp19, as proposed for the large terminase of phage T4 (79).
The different topology of the gp19 monomers in the two struc-
tures generates different electrostatic environments in the
channel surface (Fig. 5, C and D) as well as differences in the
accessibility of the catalytic regions of gpl9. The coulomb
potential surface of the isolated terminase is predominantly
electropositive (Fig. 5C), with stripes of negative charges nearby
the channel entrance. The electrostatic surface potential of the
terminase in the gp8-gp19 complex showed a conspicuous clus-
ter of negative charges in the entrance of the channel (gp19
carboxyl domain) followed by stripes of negative and positive
charges covering the rest of the channel walls (Fig. 5D). The
presence of channels with a mainly electronegative surface is a
common structural feature of viral connectors and other pro-
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teins involved in DNA translocation (11). The existence of a
diagonal stripe of positive charges toward the amino domain
and another positive cluster on top of both conformations (Fig.
5, Cand D, side sections) resembles the lysine rings reported in
channel walls of the ®29 connector (80) and might be inter-
preted as a common feature involved someway in nucleic acids
interaction.

The features exhibited by the T7 large terminase assembled
in the complex with the connector are consistent with its role
during DNA packaging. The fact that the isolated terminase is
able to build also a pentameric assembly with a distinct but
related structure poses the question of the possible role of dif-
ferent terminase conformations involved in the DNA translo-
cation process. The existence of different conformations has
been proposed previously for the T4 large terminase, where
tense and relaxed states were suggested to be derived by the
bending of the linker between the amino and carboxyl domains
(30). These transitions involving a “power stroke” have been
also described in many other hexameric ATPases (29, 81-85).
Although in these cases different states are mostly related to
intrasubunit changes, a more collective type of rearrangement
for the terminase oligomeric assembly has been also suggested
both for T4 and ®29 terminases. The existence of large changes
in translocation velocity, measured in optical tweezers experi-
ments, was correlated to different conformational states in the
T4 terminase (4). Also, the relative motion between terminase
subunits has been implicated in the DNA packaging of phage
@29 (10). In this case optical tweezers experiments have shown
that the interaction between the terminase and the DNA
changes during the mechano-chemical translocation cycle (8).
Two defined states, the dwell and the burst, characterized by
differential contacts between the terminase and the DNA, are
involved in the sequential nature of DNA movement (10). In
addition, the relative motion between adjacent subunits has
been also observed in other DNA-translocating oligomers, as
the gene 4 hexameric helicase of T7 (86).

Our results show that the large terminase of T7 can assemble
in two related conformations. They configure two different
electrostatic environments for the potential interaction of DNA
with the terminase channel; although the isolated terminase
channel has a large electropositive surface, the channel in the
terminase assembled with the connector is more electronega-
tive, thus being consistent with a smoother coaxial DNA trans-
location. An interesting aspect is that in both conformations,
the terminase subunits maintain the accessibility of the ATPase
active site in the outer surface of the oligomer. It is thus tempt-
ing to suggest that these two related topologies could be the first
structural evidences of the different conformations involved in
the DNA translocation suggested from the functional analysis
of the T4 and 29 terminases. The fact that ATP hydrolysis by
the T7 terminase leads to a large change in the oligomeric
topology, as measured in microcantilever assays (54), also
points to the relative motion of terminase subunits coupled to
ATP hydrolysis. Further experiments directly correlating these
structures with functional translocation states will be required
to provide additional clues to understand the translocation
mechanism of T7 DNA by the viral packaging machinery.
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