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Double-stranded DNA viruses, including bacteriophages and her-
pesviruses, package their genomes into preformed capsids, using
ATP-driven motors. Seeking to advance structural and mechanistic
understanding, we established in vitro packaging for a thermo-
stable bacteriophage, P23-45 of Thermus thermophilus. Both the
unexpanded procapsid and the expanded mature capsid can pack-
age DNA in the presence of packaging ATPase over the 20 °C to
70 °C temperature range, with optimum activity at 50 °C to 65 °C.
Cryo-EM reconstructions for the mature and immature capsids at
3.7-Å and 4.4-Å resolution, respectively, reveal conformational
changes during capsid expansion. Capsomer interactions in the ex-
panded capsid are reinforced by formation of intersubunit
β-sheets with N-terminal segments of auxiliary protein trimers.
Unexpectedly, the capsid has T=7 quasi-symmetry, despite the
P23-45 genome being twice as large as those of known T=7
phages, in which the DNA is compacted to near-crystalline density.
Our data explain this anomaly, showing how the canonical HK97
fold has adapted to double the volume of the capsid, while main-
taining its structural integrity. Reconstructions of the procapsid
and the expanded capsid defined the structure of the single vertex
containing the portal protein. Together with a 1.95-Å resolution
crystal structure of the portal protein and DNA packaging assays,
these reconstructions indicate that capsid expansion affects the
conformation of the portal protein, while still allowing DNA to
be packaged. These observations suggest a mechanism by which
structural events inside the capsid can be communicated to the
outside.
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Akey step in the assembly pathway of double-stranded DNA
viruses, including bacteriophage and evolutionarily related

herpesviruses, is the packaging of viral genomic DNA into
the procapsid (1). During this process, the large terminase
protein docks onto the portal protein, which is embedded in
the capsid wall, and translocates DNA using free energy
liberated from ATP hydrolysis. This motor can work against
high internal pressure, generating forces reaching 60 pN and
translocating DNA at rates reaching 100 bp/s to 2,000 bp/s (2,
3). As a result, DNA is packaged inside the virion to near-
crystalline density (>500 mg/mL) (4, 5). This makes the mo-
tor a suitable tool for biotechnological applications such as
gene delivery or sequencing, and a potential target for drug
discovery in the case of human and animal viruses (6). The
unique features of this motor also make it a useful system for
studying fundamental biological processes involving DNA
translocation and the coupling between ATP hydrolysis and
mechanical work.
A number of mesophilic bacterial viruses have been employed

to study DNA packaging in vitro (7–13). Initial studies on bac-
teriophage λ demonstrated that procapsids were precursors to
the expanded head (14) and that purified empty capsids can be

packaged with double-stranded DNA in the presence of the
ATPase that drives genome packaging—the large terminase—
and ATP (15). The in vitro packaging reaction enables this key
stage in virus assembly to be studied under controlled conditions,
mimicking events inside the host cell. ATP consumption as well
as packaging rates and forces have been measured using in vitro
systems established for bacteriophages ϕ29, T4, and λ (2, 16, 17).
In parallel, cryo-EM 3D reconstructions have been reported for
capsid–motor complexes of bacteriophages ϕ29 and T4, to res-
olutions of 12 Å and 34 Å, respectively (18, 19). Combined with
crystal structures of individual motor components, pseudoatomic
models have begun to show how the motor engages with DNA
and how translocation is achieved. However, the precise mo-
lecular details for the packaging mechanism have yet to be de-
termined. This research would benefit from the availability of a
robust packaging system with greater stability.
To advance structural and mechanistic studies, we have

established an in vitro DNA packaging system for the thermo-
philic virus P23-45. P23-45 and P74-26 belong to the genus
P23virus, and are closely related to bacteriophage G20c, all of
which infect Thermus thermophilus (20). Individual components
of the DNA packaging motor of these viruses have been
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characterized biochemically and structurally (21–24). We iso-
lated procapsids and expanded capsids of P23-45 and demon-
strated DNA packaging in vitro in the presence of cognate large
terminase gp85. Despite its large genome, which is twice as big as
that of HK97, P23-45 utilizes a similar capsid protein fold, and
forms capsids with the same T=7 quasi-symmetry as HK97 and
similar phages. Cryo-EM reconstructions explain the structural
basis for this anomalous size, showing how the larger capsid
lattice is accomplished by modifying the canonical HK97 fold,
and how the conformation of the capsid protein changes during
capsid expansion. One of the differences between the procapsid
and expanded capsid is the presence of trimers of an auxiliary
protein on the outer surface of the expanded capsid, a property
held in common with λ and TW1 (25–27). Furthermore, recon-
structions of the capsid which resolve the unique portal vertex,
combined with a 1.95-Å resolution crystal structure of the portal
protein, allowed structural characterization of the unique portal–
capsid interface, where the respective symmetries of interacting
proteins do not match. These data show how the portal protein
structure is affected by capsid expansion: Combined with normal
mode analysis calculations, they suggest the existence of cross-
talk between parts of the portal protein that are respectively
inside and outside the capsid.

Results
Cryo-EM Icosahedral Capsid Reconstructions. Spherical capsids with
thick serrated walls (Fig. 1A) were present alongside larger,
faceted capsids with thinner walls (Fig. 1B) in lysates of P23-45–
infected T. thermophilus cells. The smaller capsids, hereafter
referred to as procapsids, were in higher abundance than the
mature expanded empty capsid. Empty and DNA-filled ex-
panded capsids appeared to be of the same size (Fig. 1B), with
the diameter of the circumsphere at ∼82 nm, compared with
∼66 nm for the procapsid. Single-particle reconstructions im-
posing icosahedral symmetry (Movies S1 and S2) were calculated
at 4.4-Å resolution for the procapsid and 3.7-Å resolution for the
expanded capsid (Fig. 1 C–F and SI Appendix, Table S1). These
capsids all exhibited T=7 laevo quasi-symmetry (28). In the case
of the expanded capsid, there were interpretable regions for side
chains for most amino acids, enabling atomic models to be built
for both the major capsid protein gp89 (SI Appendix, Fig. S1) and
the auxiliary protein gp88 (SI Appendix, Fig. S2). The model of
the major capsid protein revealed the canonical HK97-like fold
(29), with major insertions that result in a supersized capsid

geometry with an increased lattice constant (Fig. 2). The model
of the major capsid protein obtained for expanded capsids was
adjusted to fit the lower-resolution cryo-EM map of the pro-
capsid. All residues for the expanded capsid could be modeled,
whereas the procapsid model contains all residues except for 23
N-terminal and 12 C-terminal amino acids, for which there is no
clearly defined density, suggesting flexibility or disorder. Seg-
ments of residues 24 to 45, 62 to 76, 93 to 105, and 126 to 136
were modeled as poly-Alanine due to lack of interpretable side-
chain density.

Capsid Protein Fold and Intersubunit Interactions. The HK97 capsid
monomer can be subdivided into three domains: A domain,
making up the apex of each capsomer; P domain, found at the
periphery of each capsomer; and E loop, extending from the P
domain. The icosahedral asymmetric unit contains seven copies
of the major capsid protein (Fig. 2A). The expanded P23-45
capsid differs by the presence of auxiliary protein gp88 trimers,
which are found at local and icosahedral threefold axes, as in
phage λ (25). The larger volume of the P23-45 capsids compared
with other T=7 capsids (Table 1) results from an increased
spacing between capsomers within the icosahedral lattice. This
spacing has been observed to be 13 nm and 14 nm in viruses with
the HK97 fold, irrespective of the T number (30, 31). In the P23-
45 capsids, however, capsomers are repeated at a ∼25% larger
interval of ∼17 nm (Fig. 2A).
Analysis of the structure and comparison with the canonical

HK97 fold shows that two key factors contribute to the increased
capsid lattice spacing. First, the A domains of the P23-45 capsid
protein are extended. Compared with HK97, the two conserved
helices A-α1 (213 to 224) and A-α2 (242 to 247) (Fig. 2B), corre-
sponding to residues 254 to 268 and 279 to 286 in HK97, re-
spectively, are shifted away by ∼10 Å from the P domain in P23-45
owing to extensions to loops 202 to 212 and 318 to 321. In addition,
the A domain of P23-45 has two further α-helices, A-α3 (249–258)
and A-α4 (272 to 287), which protrude into the middle of the
capsomer apex. Second, the P23-45 capsid protein has a longer E
loop than other HK97-like viruses, extending ∼12 Å farther. This
complements the increased capsomer diameter, allowing the E loop
to reach far enough to make interactions with neighboring subunits.
The P23-45 capsomer–capsomer interactions are multilayered

(Figs. 3 and 4). At the lowest, internal layer of the capsid, the T
loop, N arm, and P domain interact at the threefold and twofold
icosahedral and local symmetry axes (Fig. 3A). The T loop
consists of ∼14 amino acids and extends from the P domain at
the local and icosahedral twofold axes, and interdigitates with
the P domain of an apposing subunit. The extended N arm
reaches toward an adjacent capsomer, forming a “crook” in the
expanded capsid, and contributing one strand to a four-stranded
β-sheet (Figs. 2B and 4). This crook also interacts with the S loop
and an apposed crook at the icosahedral and local twofold axes
positions. Moving upward through the capsid wall, two further
antiparallel strands of the β-sheet are contributed by the E loop
that overlays the P domain (Fig. 3B). The outermost strand of
the sheet is contributed by the N-terminal region of the auxiliary
protein (Figs. 3C and 4). This interaction is observed only in the
expanded capsid, as the auxiliary proteins are only present in the
expanded capsid, at the local and icosahedral threefold axes
(Figs. 1D and 3D). Auxiliary proteins of this type were first
characterized for bacteriophage λ (25, 26). In the crystal struc-
ture of the auxiliary protein from phage P74-26 (32), a close
homolog of P23-45, the N-terminal segment, residues 1 to 16, is
disordered (Fig. 3E), as in the crystal structure of phage λ gpD
(25). In contrast, in the context of the expanded P23-45 capsid,
the N-terminal segment of the auxiliary protein adopts a well-
defined conformation, forming main-chain hydrogen bonds with
the E loop of the capsid protein. In the procapsid, the E loop has
a relaxed conformation, with its middle section being partially
disordered (Fig. 4 and Movies S3 and S4) but with its end locked
in a G-loop/E-loop “trap” (Fig. 4), whereby the tip of the E loop is
pinned beneath the G loop of a neighboring subunit. Notably,

A

B

C E

D F

Fig. 1. Cryo-EM analysis. Micrographs showing (A) procapsids and (B) DNA-
filled capsid (left), empty expanded capsid (center), and empty procapsid
(right). (Scale bars, 50 nm.) (C and D) Icosahedral 3D reconstruction of the (C)
procapsid and (D) empty expanded capsid, symmetry axes indicated. Pentons
are in cyan, auxiliary proteins in red. (E and F) Internal views of the (E)
procapsid and (F) expanded capsid, with one-quarter of the reconstruction
shown as a central slice.
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such a G-loop/E-loop interaction is observed in both the procapsid
and the expanded capsid states. The G loops complete the out-
ermost layer of the capsid wall and buttress the auxiliary trimers
(Fig. 3C). Only in the expanded state do the E loops become
stretched, adopting a well-defined β-strand conformation and
creating the binding site for the N-terminal strand of the auxiliary
protein (Figs. 3 and 4). Other significant differences between the
expanded and procapsid states are in the N-terminal and C seg-
ments of the capsid protein, residues 1 to 23 and 398 to 409, which
engage in subunit interactions in the expanded state but are dis-
ordered in the procapsid. Notably, the unusual PPFPP motif at the
C terminus, residues 401 to 405 (Fig. 2B, top left), reinforces
subunit interactions via a phenylalanine−tyrosine “lock” between
Y226 and F403 of the neighboring C arm (Fig. 2B, top right).

Capsid Volume.A feature of many T=7 HK97-fold bacteriophages is
a skewed dimer-of-trimers arrangement of subunits within procapsid
hexons, which adopt a near-sixfold symmetrical arrangement upon
capsid expansion. There was no such skew observed in the hexons of
P23-45 procapsids, although the ratio of its internal volume versus
the expanded capsid, of 0.49, is consistent with observations for
other T=7 bacteriophages (Table 1). Strikingly, the P23-45 genome
is twice as large as in other T=7 phage. Bacteriophage SIO-2, which
has the canonical HK97 capsid fold, but a genome size similar to
that of P23-45, instead utilizes a larger (T=12) capsid (33).

Crystal Structure of the Portal Protein. A crystal structure was de-
termined for the portal protein from the closely related bacte-
riophage G20c, which shares 99.3% sequence identity with the
P23-45 portal. As the previously determined structure of this
portal protein (23) was for a construct lacking 20 N-terminal
amino acids, we determined the structure for the portal pro-
tein with an intact N terminus. One goal was to test whether this
segment adopts an ordered conformation. This structure was
refined at 1.95-Å resolution (Fig. 5A and SI Appendix, Table S2).
With three subunits in the asymmetric unit, the 12-subunit
oligomer is generated by the crystallographic fourfold axis. The
portal protein forms a canonical 12-subunit oligomer with an
overall shape consistent with those of portal proteins of other
viruses (34). We refer to its domains as Clip, Stem, Wing, and
Crown (Fig. 5A). The subunit−subunit interactions of this ther-
mostable protein are enhanced compared with portal proteins of
mesophilic bacteriophages SPP1 and T4 (34, 35). There are 39
hydrogen bonds (6.6 per 1,000 Å2) and seven salt bridges,
compared with 26 hydrogen bonds (4.2 per 1,000 Å2) and five
salt bridges observed in the SPP1 portal protein, and 22 hydrogen
bonds (2.9 per 1,000 Å2) and four salt bridges present in the T4
portal protein. The first residue clearly defined in the electron
density map of the P23-45 portal, Leu26, is located at the outer

surface of the portal, indicating that the 25-residue N-terminal
segment occupies space around the outside of the portal pro-
tein, facing the surrounding proteins in the crystal lattice. Of the
first nine residues of the N terminus, five are positively charged,
and thus may mediate electrostatic interactions with the capsid.

Unique Portal Vertex and Normal Mode Analysis.Reconstructions of
the unique portal-containing vertex were performed for both
capsid expansion states (Fig. 5 B–E), using masked classification
and not applying icosahedral symmetry. These reconstructions were
calculated at 9.3-Å resolution for the procapsid and 9.6-Å resolu-
tion for the expanded capsid (SI Appendix, Table S1). The portal
protein is resolved in both reconstructions, and, within the pro-
capsid, appears closely similar to the crystal structure (Fig. 5 B and
C). In the expanded capsid, however, theWing of the portal protein
rests close to the capsid wall, and the portal protein appears to be
stretched along its central axis, with the Stem/Clip regions being
elongated and extended away from the capsid (Fig. 5 D and E).
To investigate conformational states accessible to the portal

protein, we performed normal mode calculations with the crystal
structure. The lowest energy mode with 12-fold symmetrical mo-
tions exhibited periodic compression–extension of the portal
protein along its central axis, characterized by a synchronized up-
and-down movement of the Wing and Clip (Movie S5). Such
conformational changes are consistent with the observed differ-
ences between the portal protein in the procapsid and in the ex-
panded capsid (Fig. 5 B–E). Taken together, these data indicate
that the portal protein can change its conformation, and that there
is a potential cross-talk between the Wing and Clip; these domains
of the portal protein are respectively inside and outside the capsid.

In Vitro DNA Packaging. An in vitro DNA packaging assay was
established for empty P23-45 capsids. Isolated empty capsids

Fig. 2. Comparison of lattice spacing in expanded capsids of P23-45 and HK97. (A) (Top) Spacing between adjacent hexons of HK97 (blue, left) and P23-45
(red, right) shown in space-filling representation. (Bottom) Icosahedral asymmetric unit of each phage shown as ribbon diagrams. For P23-45, the major capsid
proteins are in red and auxiliary proteins are in yellow. (B) Overlay of the P23-45 (red) and HK97 (blue) major capsid monomers shown as ribbon diagrams.
Representative segments of the atomic model of P23-45 with corresponding regions of the map. Chain n + 1 represents the counterclockwise chain from chain
n in a hexon when viewed from the outside of capsid.

Table 1. Internal volumes of bacteriophage capsids

Phage T-number Vp,* 104 nm3 Ve, 10
4 nm3 Genome size, kb

HK97 7 3.88 (0.47) 8.25 39.7
T7 7 4.79 (0.55) 8.64 39.9
P22 7 5.25 (0.58) 9.09 41.7
λ 7 4.88 (0.51) 9.50 48.5
SIO-2 12 9.26 (0.59) 15.7 81.2
P23-45 7 8.90 (0.49) 18.2 84.2

Volume calculations for procapsids (Vp) and expanded capsids (Ve) were
performed for the following structures: HK97 = EMD 5828, EMD 2112, PDB
1OHG; T7 = EMD 6034, EMD 6037; P22 = EMD 1824, EMD 1826; λ = EMD
1507, EMD 5012; and SIO-2 = EMD 5383, EMD 5382.
*Vp as a fraction of Ve is given in parentheses.
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were tested for their ability to protect plasmid DNA (pUC18)
from DNase I digestion in the presence of components required
for DNA packaging (Fig. 6). Packaging activity was minimal at
20 °C but increased with rising temperature until ∼50 °C. Opti-
mal activity was observed in the temperature range of 50 °C to
65 °C. At higher temperatures (70 °C to 75 °C), packaging ac-
tivity decreased (Fig. 6A and SI Appendix, Fig. S6). No packaged
DNA was detected after 15 min of packaging at 50 °C. The in-
tensity of the DNA band after 30 min of packaging was similar to
the intensity of bands after 45 and 60 min of packaging. To test
the selectivity of the packaging motor, the substrate contained a
mixture of linearized, circular supercoiled, and circular relaxed
plasmid DNA. Only the linear double-stranded DNA was pro-
tected from DNase digestion (Fig. 6B), and was therefore
packaged. Further experiments compared packaging activity of
the procapsid and the expanded capsid. Homogeneity of pro-
capsid samples was monitored by negative staining EM (SI Ap-
pendix, Fig. S3), and, with mass spectrometry, confirming the
absence of auxiliary protein in procapsids and its presence in
expanded capsids (SI Appendix, Fig. S4). The packaging activity
of procapsids was low at 50 °C, with minimal activity observed at
20 °C (Fig. 6C). Expanded capsids exhibited high packaging ac-
tivity at 50 °C, but had no detectable activity at 20 °C. Control

experiments carried out at 50 °C in which the large terminase was
excluded, or where ATP was substituted with ATPγS, detected
no packaging activity. Assessment of procapsids after 30 min of
packaging at 50 °C by negative stain EM did not indicate capsid
disassembly or expansion (SI Appendix, Fig. S5).

Discussion
How Can Capsid Size Be Increased Without Changing the T Number?
Virus evolution generally involves the acquisition of genes cod-
ing for additional functions, which results in an enlargement of
the genome. If the packaging capacity limit of the capsid has
been reached, further space for accommodating a larger genome
can be achieved in several ways. One way is to adopt a larger T
number (that is, use a larger number of capsid protein mono-
mers), with only minor adjustment to their fold. This has
occurred throughout evolution, and is demonstrated by the dif-
ferent T numbers of HK97-fold capsids and capsid-like com-
partments, from the smallest T=1 and T=3 encapsulins (36, 37),
to the T=16 herpesviruses (38) and T=52 jumbo bacteriophages
(39). Another strategy is to pack the DNA more densely, and, in
the herpesviruses (T=16), this appears to have occurred with
cytomegalovirus, which has a ∼225-kb genome, compared with
the ∼155-kb genome of the herpes simplex virus (40). A third
option is capsid expansion, whereby a relatively small procapsid
is converted to a larger mature capsid, thereby increasing the
storage volume for DNA. These options appear to have an upper
limit of DNA packaging densities, which is considered to be near-
crystalline in most tailed bacteriophages (4, 5); thus, for many T=7

Fig. 4. Conformational changes accompanying capsid expansion. (Left) The
procapsid and (Right) the expanded capsid. (Top) Three hexons for each
expansion state, shown as ribbon diagrams. (Middle) Capsid protein monomers
along with the G loop from the neighboring subunit of the hexamer, forming
the G-loop/E-loop trap. (Bottom) Interactions of the E loop with adjacent sub-
units. E loop is in red, while segments of adjacent capsid protein subunit (Spine
helix, P-domain strand, and G loop) are in cyan. In the expanded capsid, seg-
ments of two auxiliary protein subunits are shown in green and yellow.

A B C

D E

F

Fig. 3. The multilayered nature of subunit interactions. (A) Innermost layer
of the capsid wall featuring six capsid protein chains centered on a threefold
symmetry axis, shown in gray and cyan. (B) A middle layer featuring E loops
from three further subunits (green) extending toward the central axis and
overlaying the P domains of subunits in the innermost layer. (C) Upper layer
containing auxiliary protein trimers (red), and major capsid protein G loops
(blue) from the internal layer. Space-filling representations in A–C, Top are
shown along with schematic diagrams (Bottom). (D) Segment of the ex-
panded capsid map with annotated features. (E) Overlay of the auxiliary
protein monomer from the cryo-EM reconstruction (red, this work) and
crystal structure (yellow, PDB ID code 6BL5). (F) Overlay of the seven auxiliary
protein subunits constituting the icosahedral asymmetric unit.
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capsids, there is little potential for packaging additional DNA. A
fourth possibility, previously unobserved to our knowledge, is to
retain the T number but to increase the capsid volume by in-
creasing the size of the capsomers. This is the strategy employed
by bacteriophage P23-45, whereby the capsid lattice constant is
increased by ∼3 nm. This large change is accomplished by ex-
pansion of the A domain and extension of the E loop relative to
the canonical HK97 fold. The auxiliary protein trimers, present in
the expanded capsid, further stabilize this state. The N-terminal
segment of the auxiliary protein, residues 1 to 16, adopts an or-
dered conformation only upon incorporation into the (expanded)
capsid, and is disordered in the crystal structure (32). Similar
observations have been made for the N-terminal segment, resi-
dues 1 to 14, of bacteriophage λ auxiliary protein gpD (26). The
larger capsid lattice doubles the capsid volume, enabling packag-
ing of twice as large a genome into a T=7 capsid (Table 1).
Interestingly, the size of the P23-45 capsid approximates that of
SIO-2, a marine bacteriophage with T=12 capsid, which accom-
modates a genome of 81.2 kb (33). There appears to be a pref-
erence in nature for T=7 over T=12 capsids (33, 41), and the
advantage of T=7 over T=12 quasi-symmetry may become more
significant in the high-temperature environment in which this class
of phage propagates. However, the existence of supersized capsid
architecture among mesophilic phages cannot be ruled out.

Can DNA Be Packaged into both Capsid Expansion States? In addi-
tion to its enlarged capsid lattice spacing, the fold of the P23-45
capsid protein must be capable of maintaining capsid integrity at
high temperatures (∼70 °C) and in the presence of high internal
pressures exerted by packaged DNA. DNA protection assays
show that the procapsid and expanded capsids are both capable
of initiating packaging with DNA when large terminase is added,
and that the in vitro reaction is most efficient at 50 °C to 65 °C.
The observation that both procapsid and expanded capsid can
package DNA in vitro is consistent with observations for other
systems (17, 42–44).
P23-45 expanded capsids exhibit enhanced DNase protection

compared with the procapsids. In common, early observations on
bacteriophage λ by thin section EM identified expanded capsids
with a “grizzled” appearance (45), indicating partial packaging
of DNA. Later studies, including those on bacteriophage T4,
demonstrated that packaging is not necessarily coupled to ex-
pansion (43), and that expanded capsids even display enhanced
packaging activity over unexpanded capsids (43, 44). The ability
of expanded capsids to package DNA has been further con-
firmed by single-molecule experiments (17, 42) and structural
data (18). Our observations on P23-45 indicate that both capsid
expansion states are packaging-competent, but the expanded

capsid may be better able to protect DNA either due to greater
stability of the capsid or due to enhanced packaging activity
which would likely originate from the conformation of the portal.

How Does the Capsid Influence Portal Protein Conformation? The
portal protein is crucial for the assembly of infectious virions: It
assists in scaffold-mediated assembly of the procapsid (46) and
serves as the docking site for the DNA packaging motor (18), as
a gatekeeper for DNA exit (47), and as the tail attachment site
(48). The portal protein’s multifunctionality probably reflects its
ability to adopt different conformations. It has been suggested
that the P22 portal protein adopts a pseudo-fivefold symmetry to
facilitate interaction with the large terminase (49), and a similar
mismatch with the capsid vertex must also be satisfied (50). It is
therefore not unexpected that our reconstructions of the P23-45
portal vertex indicate differences between the portal protein
conformation in the procapsid and expanded capsid (Fig. 5 B–E),
which may result in their differential packaging activities. Like-
wise, normal mode analysis shows that the lowest-frequency
mode with 12-fold symmetry corresponds to a synchronized
movement of the Wing and Clip, so that the portal protein
oscillates between stretched and compressed conformations
(Movie S5). Our analysis of the P23-45 genome termini in se-
quencing data indicated that this class of viruses encodes a pac
site in its genomes and uses a headful packaging mechanism (SI
Appendix, Fig. S7). The portal protein from another pac phage, T4
(35), exhibits a similar low-frequency mode (Movie S6), further
reinforcing the notion that the portal protein can adopt different
conformations, which depend on the stage of virus assembly. Two
conclusions can be drawn from these observations. First, the
capsid alone can affect the portal protein’s conformation, while
the ability of both the procapsid and expanded capsid to package

B

C

A

Fig. 6. In vitro DNA packaging. (A) Comparison of packaging at different
temperatures. Lanes from left to right: input DNA (no DNase), negative
control with no added capsids, negative control with no added large ter-
minase, packaging reactions at different temperatures. (B) Packaging time
course. Lanes from left to right: size marker, input DNA (no DNase), negative
control with no added capsids, negative control with no added ATP, and
packaging for 15, 30, 45, and 60 min. (C) Comparison of the ability of the
procapsid and expanded capsid to protect DNA from DNase digestion. Lanes
from left to right: size marker, input DNA (no DNase), and packaging reac-
tions with no added large terminase (control), with added large terminase at
50 °C and 20 °C, and with ATP substituted by ATPγS (γ).

A B

D

C

E

Fig. 5. Structures of the portal protein and the unique portal-containing
capsid vertex. (A) Ribbon diagram of the G20c portal protein crystal structure
with annotated domains. Only two apposing subunits are shown, with first
(26) and last (437) residues defined in electron density maps, labeled. (B) A
central slice through the asymmetric reconstruction of the procapsid, and (C)
portal tunnel region of this map with fitted portal protein subunits. (D and
E) Same as B and C but for the expanded C5-symmetrized capsid. (Scale bar
in B and D, 200 nm.) Arrows indicate regions which differ most from the
fitted crystal structure in the expanded state compared with the procapsid.
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DNA indicates that conformations of the portal protein required
for packaging are accessible in both expansion states of the capsid.
Second, synchronized movements of the Wing and Clip may serve
as a cross-talk mechanism between the two portal domains, sug-
gesting a mechanism by which structural events inside the capsid
can be communicated to factors outside. In this way, the capsid
could (i) present the portal Clip in a compatible conformation to
interact with external factors, such as the large terminase, and (ii)
convey a signal at the termination of packaging.
Future work can exploit the enhanced stability of the thermo-

phage system for eliciting high-resolution structural data for dif-
ferent states of the DNA packaging motor. Single-molecule
experiments would complement structural studies, potentially
benefiting from reduced packaging rate at ambient temperatures.

Materials and Methods
Bacteriophage P23-45 particles, and the portal and large terminase proteins,
were produced and purified (SI Appendix, SI Materials and Methods). Cryo-
EM structures of capsids as well as the X-ray structure of the portal protein
were determined as described in SI Appendix, SI Materials and Methods. De-
tails of the normal mode analysis, in vitro DNA packaging assays, the genome
termini analysis, mass spectrometry of capsids, and densitometric analysis of
agarose gels are provided in SI Appendix, SI Materials and Methods.

The EMDataBank (www.emdatabank.org) deposit of cryo-EM recon-
structions includes icosahedral reconstructions of the P23-45 expanded
capsid (accession no. EMD-4433) and procapsid (accession no. EMD-4447),
asymmetric reconstruction of the procapsid (accession no. EMD-4445), and
C5 reconstruction of the expanded capsid (accession no. EMD-4446). The PDB
(www.rcsb.org) deposit includes atomic coordinates for the P23-45 ex-
panded capsid (PDB ID code 6I9E) and procapsid (PDB ID code 6IBC), and the
G20c portal protein coordinates and structure factors (PDB ID code 6IBG).

ACKNOWLEDGMENTS. We thank Brian Kelch (University of Massachusetts)
and Lindsay Black (University of Maryland) for helpful discussion, and Daniel
Hurdiss and Rebecca Thompson (University of Leeds) for suggestions on
image processing and assistance in data collection. Tim Kirk, Meg Stark,
and Adam Dowle (University of York) are acknowledged for assistance with
computational resources, EM, and mass spectrometry, respectively. This work
was supported by Wellcome Trust Grant 206377 (to A.A.A.), by Wellcome
Trust–National Institutes of Health Studentship 103460 (to O.W.B.), by the
Intramural Research Program of National Institute of Arthritis and Musculo-
skeletal and Skin Diseases (A.C.S.), by Russian Foundation for Basic Research
Grant 16-34-60137 (to E.K.), by Biotechnology and Biological Sciences Re-
search Council Grant L021250/1 (to E.L.H.), and by National Institutes of
Health Grant R01GM10407 (to K.S.). The Titan Krios microscopes were
funded by a University of Leeds Astbury BioStructure Laboratory award
and Wellcome Trust Grant 108466 (to N.A.R.).

1. Casjens SR (2011) The DNA-packaging nanomotor of tailed bacteriophages. Nat Rev
Microbiol 9:647–657.

2. Fuller DN, Raymer DM, Kottadiel VI, Rao VB, Smith DE (2007) Single phage T4 DNA
packaging motors exhibit large force generation, high velocity, and dynamic vari-
ability. Proc Natl Acad Sci USA 104:16868–16873.

3. Chemla YR, et al. (2005) Mechanism of force generation of a viral DNA packaging
motor. Cell 122:683–692.

4. Leforestier A, Livolant F (2009) Structure of toroidal DNA collapsed inside the phage
capsid. Proc Natl Acad Sci USA 106:9157–9162.

5. Leforestier A, Livolant F (2010) The bacteriophage genome undergoes a succession of
intracapsid phase transitions upon DNA ejection. J Mol Biol 396:384–395.

6. Nadal M, et al. (2010) Structure and inhibition of herpesvirus DNA packaging termi-
nase nuclease domain. Proc Natl Acad Sci USA 107:16078–16083, and erratum (2010)
107:17059.

7. Kaiser D, Masuda T (1973) In vitro assembly of bacteriophage λ heads. Proc Natl Acad
Sci USA 70:260–264.

8. Kerr C, Sadowski PD (1974) Packaging and maturation of DNA of bacteriophage T7
in vitro. Proc Natl Acad Sci USA 71:3545–3549.

9. Fujisawa H, Miyazaki J-I, Minagawa T (1978) In vitro packaging of phage T3 DNA.
Virology 87:394–400.

10. Poteete AR, Jarvik V, Botstein D (1979) Encapsulation of phage P22 DNA in vitro.
Virology 95:550–564.

11. Black LW (1981) In vitro packaging of bacteriophage T4 DNA. Virology 113:336–344.
12. Bjornsti MA, Reilly BE, Anderson DL (1981) In vitro assembly of the Bacillus subtilis

bacteriophage ϕ29. Proc Natl Acad Sci USA 78:5861–5865.
13. Dröge A, Tavares P (2000) In vitro packaging of DNA of the Bacillus subtilis bacte-

riophage SPP1. J Mol Biol 296:103–115.
14. Hohn B, Hohn T (1974) Activity of empty, headlike particles for packaging of DNA of

bacteriophage λ in vitro. Proc Natl Acad Sci USA 71:2372–2376.
15. Hohn B (1975) DNA as substrate for packaging into bacteriophage λ, in vitro. J Mol

Biol 98:93–106.
16. Chistol G, et al. (2012) High degree of coordination and division of labor among

subunits in a homomeric ring ATPase. Cell 151:1017–1028.
17. Smith DE (2011) Single-molecule studies of viral DNA packaging. Curr Opin Virol 1:

134–141.
18. Sun S, et al. (2008) The structure of the phage T4 DNA packaging motor suggests a

mechanism dependent on electrostatic forces. Cell 135:1251–1262.
19. Mao H, et al. (2016) Structural and molecular basis for coordination in a viral DNA

packaging motor. Cell Rep 14:2017–2029.
20. Minakhin L, et al. (2008) Genome comparison and proteomic characterization of

Thermus thermophilus bacteriophages P23-45 and P74-26: Siphoviruses with triplex-
forming sequences and the longest known tails. J Mol Biol 378:468–480.

21. Xu R-G, et al. (2017) Viral genome packaging terminase cleaves DNA using the ca-
nonical RuvC-like two-metal catalysis mechanism. Nucleic Acids Res 45:3580–3590.

22. Loredo-Varela J, et al. (2013) The putative small terminase from the thermophilic
dsDNA bacteriophage G20C is a nine-subunit oligomer. Acta Crystallogr Sect F Struct
Biol Cryst Commun 69:876–879.

23. Williams LS, Levdikov VM, Minakhin L, Severinov K, Antson AA (2013) 12-Fold sym-
metry of the putative portal protein from the Thermus thermophilus bacteriophage
G20C determined by X-ray analysis. Acta Crystallogr Sect F Struct Biol Cryst Commun
69:1239–1241.

24. Hilbert BJ, et al. (2015) Structure and mechanism of the ATPase that powers viral
genome packaging. Proc Natl Acad Sci USA 112:E3792–E3799.

25. Yang F, et al. (2000) Novel fold and capsid-binding properties of the λ-phage display
platform protein gpD. Nat Struct Biol 7:230–237.

26. Lander GC, et al. (2008) Bacteriophage λ stabilization by auxiliary protein gpD: Tim-
ing, location, and mechanism of attachment determined by cryo-EM. Structure 16:
1399–1406.

27. Wang Z, et al. (2018) Structure of the marine siphovirus TW1: Evolution of capsid-
stabilizing proteins and tail spikes. Structure 26:238–248.e3.

28. Caspar DL, Klug A (1962) Physical principles in the construction of regular viruses. Cold
Spring Harb Symp Quant Biol 27:1–24.

29. Wikoff WR, et al. (2000) Topologically linked protein rings in the bacteriophage HK97
capsid. Science 289:2129–2133.

30. Steven AC, Serwer P, Bisher ME, Trus BL (1983) Molecular architecture of bacterio-
phage T7 capsid. Virology 124:109–120.

31. Cardone G, Heymann JB, Cheng N, Trus BL, Steven AC (2012) Viral Molecular
Machines, eds Rossmann MG, Rao VB (Springer, New York).

32. Stone NP, et al. (2018) A hyperthermophilic phage decoration protein suggests
common evolutionary origin with herpesvirus triplex proteins and an anti-CRISPR
protein. Structure 26:936–947.e3.

33. Lander GC, et al. (2012) Capsomer dynamics and stabilization in the T = 12 marine
bacteriophage SIO-2 and its procapsid studied by CryoEM. Structure 20:498–503.

34. Lebedev AA, et al. (2007) Structural framework for DNA translocation via the viral
portal protein. EMBO J 26:1984–1994.

35. Sun L, et al. (2015) Cryo-EM structure of the bacteriophage T4 portal protein assembly
at near-atomic resolution. Nat Commun 6:7548.

36. McHugh CA, et al. (2014) A virus capsid-like nanocompartment that stores iron and
protects bacteria from oxidative stress. EMBO J 33:1896–1911.

37. Sutter M, et al. (2008) Structural basis of enzyme encapsulation into a bacterial
nanocompartment. Nat Struct Mol Biol 15:939–947.

38. Yuan S, et al. (2018) Cryo-EM structure of a herpesvirus capsid at 3.1 Å. Science 360:
1–11.

39. Hua J, et al. (2017) Capsids and genomes of jumbo-sized bacteriophages reveal the
evolutionary reach of the HK97 fold. MBio 8:1–15.

40. Bhella D, Rixon FJ, Dargan DJ (2000) Cryomicroscopy of human cytomegalovirus vi-
rions reveals more densely packed genomic DNA than in herpes simplex virus type 1.
J Mol Biol 295:155–161.

41. Mannige RV, Brooks CL, 3rd (2010) Periodic table of virus capsids: Implications for
natural selection and design. PLoS One 5:e9423.

42. Fuller DN, et al. (2007) Measurements of single DNA molecule packaging dynamics in
bacteriophage λ reveal high forces, high motor processivity, and capsid transforma-
tions. J Mol Biol 373:1113–1122.

43. Rao VB, Black LW (1985) DNA packaging of bacteriophage T4 proheads in vitro. Ev-
idence that prohead expansion is not coupled to DNA packaging. J Mol Biol 185:
565–578.

44. Kondabagil KR, Zhang Z, Rao VB (2006) The DNA translocating ATPase of bacterio-
phage T4 packaging motor. J Mol Biol 363:786–799.

45. Lickfeld KG, Menge B, Hohn B, Hohn T (1976) Morphogenesis of bacteriophage λ:
Electron microscopy of thin sections. J Mol Biol 103:299–318.

46. Chen D-H, et al. (2011) Structural basis for scaffolding-mediated assembly and mat-
uration of a dsDNA virus. Proc Natl Acad Sci USA 108:1355–1360.

47. Orlova EV, et al. (2003) Structure of a viral DNA gatekeeper at 10 A resolution by cryo-
electron microscopy. EMBO J 22:1255–1262.

48. Olia AS, Prevelige PE, Jr, Johnson JE, Cingolani G (2011) Three-dimensional structure
of a viral genome-delivery portal vertex. Nat Struct Mol Biol 18:597–603.

49. Lokareddy RK, et al. (2017) Portal protein functions akin to a DNA-sensor that couples
genome-packaging to icosahedral capsid maturation. Nat Commun 8:14310.

50. Hendrix RW (1978) Symmetry mismatch and DNA packaging in large bacteriophages.
Proc Natl Acad Sci USA 75:4779–4783.

Bayfield et al. PNAS | February 26, 2019 | vol. 116 | no. 9 | 3561

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 U

N
IV

E
R

S
IT

Y
 O

F
 Y

O
R

K
 o

n 
N

ov
em

be
r 

18
, 2

01
9 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813204116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813204116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813204116/-/DCSupplemental
http://www.emdatabank.org
http://www.rcsb.org

