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Many icosahedral viruses assemble proteinaceous precursors called proheads or procap-
sids. Proheads are metastable structures that undergo a profound structural transition
known as expansion that transforms an immature unexpanded head into a mature
genome-packaging head. Bacteriophage T4 is a model virus, well studied genetically

and biochemically, but its structure determination has been challenging because of its

large size and unusually prolate-shaped, ~1,200-A-long and ~860-A-wide capsid.
Here, we report the cryogenic electron microscopy (cryo-EM) structures of T4 capsid

in both of its major conformational states: unexpanded at a resolution of 5.1 A and
expanded at a resolution of 3.4 A. These are among the largest structures deposited in
Protein Data Bank to date and provide insights into virus assembly, head length deter-

mination, and shell expansion. First, the structures illustrate major domain movements

and ~70% additional gain in inner capsid volume, an essential transformation to con-
tain the entire viral genome. Second, intricate intracapsomer interactions mvolving a

unique insertion domain dramatically change, allowing the capsid subunits to rotate
and twist while the capsomers remain fastened at quasi-threefold axes. Third, high-
affinity binding sites emerge for a capsid decoration protein that clamps adjacent
capsomers, imparting extraordinary structural stability. Fourth, subtle conformational
changes at capsomers’ periphery modulate intercapsomer angles between capsomer
planes that control capsid length. Finally, conformational changes were observed at the
symmetry-mismatched portal vertex, which mightbe involved in triggering head expan-
sion. These analyses illustrate how small changes in local capsid subunit interactions
lead to profound shifts in viral capsid morphology, stability, and volume.
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Tailed double-stranded DNA bacteriophages (phages), constituting the order Caudovirales,
are probably the most abundant and widely distributed microorganisms on Earth, with
a total number estimated to be on the order of 103! (1). Bacteriophage T4, a member
ofthe Myoviridae family, possessing a contractile tail and infecting Escherichia coli,has
long served as an extraordinary model to elucidate the basic mechanisms of virus
assembly (2—4) and genome packaging (5, 6). In addition, T4 phage has emerged as an
excellent platform for various biomedical applications, including vaccine design and
gene therapy (7-9).

The T4 virion has a 1,200-A-long and 860-A-wide prolate head Xr capsid) (t2, 10),
encalimdatm a ~170-kbp linear DNA genome (11), and a ~ 1,400-A-long contractile
tail (12—15) to which six ~ 1,600-A-long tail fibers are attached (4). The prolate archi-
tecture of T4 capsid is unique among the well-characterized large phages that are gener-

ally constituted by isometric capsids (16). The T4 capsid shell is composed of the
major capsid protein, gp23* (“*” represents cleaved form), organized into a hexagonal

lattice characterized by the triangulation numbers Teya = 13 laevo for the icosahedral
ends and Twmiq = 20 for the midsection (10). Eleven of the 12 capsid vertices are occu-
pied by pentamers of the vertex protein, gp24* (17), whereas the 12th vertex is formed

by the dodecameric protein, gp20, which functions as a portal for entry of DNA into
the capsid during genome packaging and its exit during infection (18, 19).

In Caudovirales phages and herpesviruses the capsid assembly begins with the forma-
tion of a proteinaceous DNA-free precursor, or prohead, composed of an inner scaffold-
ing core and an outer shell (2). In T4, the prohead assembly is initiated on the E. coli
inner membrane by the dodecameric portal protein, gp20, which nucleates the assembly
of the major capsid protein gp23 and the major scaffolding protein gp22. The outer shell,
made of 155 hexameric capsomers of gp23 and 11 pentameric capsomers of the vertex
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Virus assembly occurs by repeated
association of tiny building blocks,
the capsid protein subunits. The
assembled structures are highly
dynamic and undergo maturation
transformations, ultimately
generating an infectious virion
particle. We describe, at
near-atomic resolution, a major
“expansion” transformation in a
large, prolate, icosahedral virus,
the bacteriophage T4. It involves
large-scale movements and
remodeling of capsid protein
domains that lead to
extraordinary capsid stability and
additional 70% increase in
volume. Small changes in capsid
subunit interactions lead to
profound alterations in capsid size
and volume, allowing evolution of
viral variants with survival
advantages. These basic principles
are relevant to all viruses,
particularly the herpesviruses that
share common structural features
and assembly mechanisms with T4.
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Completlon of prohead assembly actlvates the gp21 protease,
which then carries out the maturation cleavages of the shell and
core proteins (21). The 65 N-terminal residues of gp23 and 10
N-terminal residues of gp24 are cleaved off, producing gp23*
and gp24*, respectively (2). On the other hand, the core struc-
ture is degraded into small peptides that escape from the pro-
head, liberating space for genomic DNA. This “unexpanded”
head is released into the cytosol and serves as a precursor for
genome encapsidation driven by a pentameric packaging motor
(gp17) assembled on the portal vertex (3, 22). During DNA
packaging, a profound conformational change occurs in the
unexpanded head shell, which “expands” gp23* capsomers,
resulting in a large increase in the capsid volume and stabiliza-
tion of the capsid (“expanded” head) (2, 20).

Although the above basic head assembly pathway is common
to all the well-studied tailed phages, there are significant differ-
ences in the core composition and maturation processes.
Although many phages [P22 (23), phi29 (24), T7 (25), SPP1
(26)], like T4 (2, 3), encode dedicated scaffolding proteins,
some phages such as HK97 (27) and T5 (28, 29) have the N-
terminal region of the major capsid protein acting as a scaf-
folding protein. Furthermore, the scaffolding core of phage T4
(and phiKZ) is a complex structure consisting of a large series
of core proteins as listed above (30). Another significant differ-
ence is the mechanism of scaffold removal. While T4 (21),
HK97 (27), phiKZ (30), and A (31) employ maturation pro-
teases that get activated upon head assembly and digest the
core, phages such as P22 (23), T7 (25), and SPP1 (26) expel
the scaffolding proteins through the openings located at the
centers of capsomers. The coreless unexpanded heads then
undergo expansion during packaging, resulting in a large increase
in capsid volume, with the exception of phage phi29 (32), which
shows only small conformational changes without a significant
increase in capsid volume.

While the coreless, unexpanded head is conformationally sta-
ble in most phages, the T4 unexpanded head expands sponta-
neously, both in vitro and in vivo, even in the absence of DNA
packaging (33). Additionally, it creates binding sites for two
special outer capsid proteins Soc (small outer capsid protein)
(34, 35) and Hoc (highly antigenic outer capsid protein) (36).
Consequently, the expanded T4 capsid is decorated with up to
870 copies of Soc, which binds at the interfaces between adja-
cent gp23* capsomers, and up to 155 copies of Hoc, which
binds to the centers of the gp23* hexamers. Soc stabilizes the
capsid against extremes of pH and temperature (34, 37),
whereas Hoc has only a marginal effect on capsid stability. The
mechanism that triggers capsid expansion, and how the expan-
sion transformation creates binding sites with exquisite specific-
ity for Soc and Hoc, remain poorly understood. Furthermore,
the structural features of so large a prolate capsid and how the

capsid length is precisely controlled such that a cylindrical T = 20
midsection is assembled also remain unknown and elusive.

Previously we reported the X-ray structures of the vertex protein
gp24 (17), Soc (35), and Hoc (36), a medium-resolution cryo-
genic electron microscopy (cryo-EM) structure of the expanded
head (18), and, most recently, a near-atomic-resolution, icosahe-
drally averaged, cryo-EM structure of a mutant isometric head
(38). These also provided the in situ structures of the gp23*,
gp24*, and Soc proteins. However, the atomic structure of the
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prolate wild-type (WT) head, in either unexpanded or expanded
form, could not be determined thus far. One of the major bot-
tlenecks in generating high-resolution structures of prolate
viruses is that it requires a large amount of cryo-EM data due to
the large size ofthe capsid and low symmetry (C5) of the prolate
particles. The defocus gradient in such large particles is detri-
mental to high-resolution reconstruction. Furthermore, the
unexpanded T4 heads are extremely difficult to produce because
of their high fragility and spontaneous expansion.

Here, by producing stable unexpanded head particles and
collecting large cryo-EM datasets with a direct electron detector
and adopting a block-based reconstruction method (39), we
generated near-atomic-level resolution structures of both the
unexpanded and expanded prolate heads of phage T4. The
structures illustrate the movements that govern head expansion,
by rotation and twisting of the gp23* subunits around the
anchor points located near the quasi-threefold axes. Dramatic
local conformational rearrangements of the capsid protein sub-
units, such as helix unfolding and locking the conformations of
flexible regions, create new intercapsomer and intracapsomer
interface interactions that greatly stabilize the capsid shell after
expansion. These rearrangements create new binding sites for
assembly of the capsid decoration proteins Soc and Hoc in the
expanded state, further locking and reinforcing the expanded
structure. The structures further show that the capsid length is
controlled by subtle changes in intercapsomer interactions that
modulate the angles between capsomer planes. Finally, our anal-
ysessuggesta plausible mechanism for capsid expansiontriggered
by a conformational switch at the symmetry-mismatched portal
vertex that propagates as a massive “wave” through the entire
capsid structure.

Results

Structure of the Unexpanded T4 Head. It has been extremely
difficult to generate stable unexpanded T4 heads for structure
determination because these particles expand spontaneously
both in vivo and in vitro (40). In addition, the prolate T4
unexpanded heads are fragile, particularly in the flexible mid-
section, resulting in damaged or broken particles. We were able
to overcome these problems based on a serendipitous observa-
tion that unexpanded heads assembled with a heterologously
expressed gp20 portal from a recombinant plasmid remained
largely in the unexpanded state and do not spontaneously
expand.

To generate the unexpanded heads (or capsids) for structure
determination, gp20 was briefly pre-expressed in E. coli from a
T7 expression plasmid, and the bacteria were then infected
with a T4 phage mutant that is deficient in portal protein,
genome packaging, neck, and tail assembly (/0 AM13 AM17
AM20 AM). Heads isolated from these infections had under-
gone normal maturation cleavages by the gp21 protease, gener-
ating cleaved capsid proteins gp23* (SI Appendix, Fig. S1 A4
and B) and gp24*. The inner scaffolding core was digested to
small peptides by gp2 1 protease, most of which escape the heads.
However, unlike the heads from a typical phage T4 infection,
these coreless heads do not undergo spontaneous expansion (S7
Appendix, Fig. S1C). When purified by ion exchange chromatog-
raphy, only a single capsid peak corresponding to unexpanded
heads was obtained (SI Appendix, Fig. S1 A and B) (40, 41).
Therefore, it appears that the pre-expressed gp20 portal protein
in the absence of its interacting components, such as gp23
(major capsid protein), gp22 (scaffolding core protein), and gp40
(membrane chaperone), assembles into a dodecameric structure
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whose conformation is different from that in a natural phage
infection.

Single-particle cryo-EM analysis was applied for structure
determination of these unexpanded head particles (SI Appendix,
Fig. S1C). Head particles extracted from 7,023 motion-corrected
micrograph movies were subjected to 2D classification (42), which
resulted in selection of 28,706 particles for 3D reconstruction.
These were then used to reconstruct a 5.1-A-resolution, fivefold
averaged, cryo-EM map of the head by combining conventional
methods (42—44) and a block-based reconstruction method (39)
that accounted for the defocus gradient and flexibility of the head
particles (SI Appendix, Fig. S24).

The T4 unexpanded head is a ~950-A-long, ~700-A-wide
prolate icosahedron made of the dodecameric portal protein

gp20 at one vertex, pentameric capsomers of gp24* at the other

11 vertices, and 155 hexameric capsomers of gp23* major cap-
sid proteirk(Fig. 14). There are central openings with ~14-A
and ~17-A drameter in each gp24* and gpZ3* capsomer,
respectively (Fig. 1 B and C). These openings might allowthe
escape of the digested polypeptides of the core (and capsid)

proteins out of the unexpanded head. Like the mature phage

A

Fig. 1. Structure of the T4 unexpanded head. (A) Surface representation
of the cryo-EM reconstruction of the T4 unexpanded head showing a side
view (Left) and an end-on view looking down the fivefold axis of the head
(Right). Gp23*, gp24*, and uninterpreted density around the portal vertex
are colored blue, magenta, and gray, respectively. The scale bar represents
100 A. (B) Atomic model of the T4 unexpanded head. Only molecules within
one fivefold asymmetric unit are shown. Gp23* and gp24* are colored as
in panel A. (C) Atomic models of a hexameric capsomer and a pentameric
capsomer. The central opening of each capsomer is outlined with a black
circle. (D) Diagrammatic organization of the T4 unexpanded head viewed
from outside the virus. The hexameric capsomers are outlined with hexa-
gons. The capsomers are labeled with numbers. The angles between neigh-
boring capsomers are indicated in the boundaries between neighboring
capsomers. The hexameric capsomers and portal protein assembly that
are not modeled are indicated with a gray, dashed circle.
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capsid, the unexpanded head is characterized by the triangula-
tion numbers Tendg = 13 for the caps and Tmia = 20 for the
midsection (Fig. 1D) (10). The unexpanded head, as expected,
lacked the Soc and Hoc decoration proteins, which can bind
only to expanded capsids (34—36). The cryo-EM density
allowed resolution of polypeptide chains in all parts of the head
(SI Appendix, Fig. S2 C and D and Table S1), except for the
12-fold-symmetric portal protein disobeying the applied five-
fold symmetry and the five gp23* capsomers that are in interac-
tion with this portal vertex (Fig. 1 B and D). The density in
the portal vertex region is weak, suggesting that this part of the
unexpanded head is flexible.

The structure reveals a striking feature of the prolate capsid.
Unlike the isometric capsids, the prolate structure has a differ-
ent distribution of intercapsomer angles in the midsection
when compared to the icosahedral caps (Fig. 1D and S7
Appendix, Table S2). Calculation of the angles between the
planes of adjacent gp23* capsomers shows that the angular

values occurring in the icosahedral caps can be subdivided into
three groups: values of ~38° observed near the pentameric
vertices; values of 17-21°, which prevail in the faces oficosahe-
dral caps; and less fregilent small angles of 1-2° (Fig. 1D and
SI Appendix, Table S2). On the other hand, the elongated

midsection has a broader spectrum of angles between adjacent
capsomers. Most significantly, angles ranging between 3° and
14° are observed only in the midsection but not in the icosahe-
dral caps (Fig. 1D and SI Appendix, Table S2).

Structure of the Major Capsid Protein gp23* in Unexpanded
Conformation. The gp23* protein has a polypeptide fold similar
to the capsid protein of bacteriophage HK97 (45), consisting of
the peripheral (P) domain, located in capsomer’s periphery, axial
(A) domain, located near capsomer’s axis, and an additional inser-
tion (I) domain, which forms characteristic protrusions on the T4
capsid surface (Fig. 24). The insertion domain is connected to the
other parts of the structure via long linkers (I-domain linkers)
(Fig. 24). The I-domain linkers, which are functionally equivalent
to the E loop of HK97 capsid protein (45), participate in both
intracapsomer and intercapsomer interactions in the capsid shell
(see below). The I domain sits on top of a neighboring gp23* sub-

unit located within the same hexameric capsomer. With an inter-
acting surface area of ~460 A” this domain greatly reinforces the
capsomer structure. Notably, the binding interface between the

I-domain and the neighboring subunit are radically different in
the unexpanded and expanded capsid structures (see below). This
extra | domain, inserted via the E-loop-equivalent I-linkers and
sitting on top of a neighboring subunit, is a unique capsomer sta-
bilization feature, observed so far only in phage T4. Capsid pro-
teins of other phages such as P22 and phi29 also have extra
domains compared to the classical HK97 fold (23, 46—48). How-
ever, these domains are inserted into the HK97 fold differently
from T4, and significantly, they do not sit on top of the neighbor-
ing subunits.

Some parts of the unexpanded gp23* molecule including the
N-terminal region; amino acids (aa) 66—105; one of the I-
domain linkers, aa 132—160; and one of the linkers connect-
ing the A and P domains (AP linker), aa 486—502, are flexible
and not resolved in the cryo-EM map of the unexpanded head.
However, these regions are well resolved in the expanded head
structure as they are stabilized by interactions with the neigh-
boring subunits (see below).

The asymmetric unit of the unexpanded head reconstruction
contains 186 gp23* subunits, organized into 31 hexameric cap-
somers (Fig. 1D). We were able to build the atomic structures
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| domain

in linker 2

Outside viral capsid

Fig. 2. Gp23* monomer and hexamer structures in the unexpanded head. (A) Gp23* monomer structure. The A domain (red), spine helix (orange), AP loop
(magenta), P domain (yellow), I-domain linker 1 (cyan), I-domain linker 2 (green), | domain (blue) and G loop (brown) are shown. (B) Structural variations of
gp23* monomers. The six monomers of hexameric capsomer 10 are superimposed onto each other. (C) Structure of hexameric capsomer 10. Alternative
gp23* subunits are colored violet and cyan. The | domain of one gp23* subunit is indicated by a dotted oval (Left). The A loops of three gp23* subunits are
highlighted by red cartoons (Right), showing the contacts between the A loop from one gp23* subunit and the A domain of its adjacent gp23* subunit.

of all symmetry-independent gp23* subunits except for those
belonging to the capsomers adjacent to the portal proteins,
which are probably flexible. All built gp23* subunits have simi-
lar overall structures. Significant local conformational variations
occur in the P loop, short helix of the P domain, A loop, I
domain, and I-domain linkers (Fig. 2 4 and B). The P loop
and short helix of the P domain are located in the periphery of
each hexameric capsomer and make contacts with neighboring
capsomers. Thus, the conformational variations in these periph-
eral structural elements probably reflect adaptation of gp23*
subunits to different capsomer environments, namely to diverse
angles between neighboring capsomers (Fig. 1D and S/
Appendix, Table S2). The I domain and [-domain linkers medi-
ate intracapsomer interactions by extending from one gp23*
subunit to the outer surface of an adjacent subunit (Fig. 2C),
suggesting that their conformational variations might be caused
by the different relative orientations and distances between
neighboring gp23* subunits within each hexameric capsomer.
The A loop from one gp23* subunit lies under the A domain
of an adjacent subunit with an averaged interface area of
~340 A2, dominating the interactions between the A domains
in the core of each hexameric capsomer (Fig. 2C). This
extended A loop, strongly interacting with another gp23*
subunit, is also a unique characteristic of the T4 major capsid
protein that is not observed in other tailed phages (48). Con-
formational variations are also observed in the A loops due to
different relative orientations and distances between neighbor-
ing A domains. The most conformationally different gp23*
subunits are those adjacent to the pentameric vertices of the
capsid, because these subunits have the most distinct environ-
ments by virtue of their association with gp24* pentamers.
Each hexameric capsomer adjacent to a pentameric vertex is
skewed into two gp23 * trimers roughly related by a twofold axis
(ST Appendix,Fig. S2Cand Table S3). Such ahexamer skewness
was also observed in the unexpanded heads of other phages such
as HK97 (27, 49), T5 (29), P22 (23), and T7 (25), but not
in the thermophilic phage P23-45 (50). Vertex-adjacent T4
capsomers 10 and 26 (S/ Appendix, Table S3), showing the larg-
est skewness, have locations corresponding to the largest capsid
curvatures, compared to the other vertex-adjacent capsomers
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(Fig. 1D and SI Appendix, Table S3). However, the gp23*
hexamers that are not adjacent to pentameric vertices are not
skewed and roughly sixfold symmetric (S Appendix, Table S3).
This observation suggests that the skewness of the vertex-
adjacent gp23* capsomers might be needed to adapt to the
large curvatures near the unexpanded head vertices.

Structure of the Vertex Protein gp24* in Unexpanded
Conformation. The pentameric capsomers each constituted by
five gp24* subunits have similar structures (Fig. 1C) and obey
the fivefold symmetry (SI Appendix, Table S4). Like gp23*, the
gp24* subunits have the HK97 fold (45), consisting of the
P and A domains, and the additional I domain, connected to
the rest of the structure via two I-linkers (Fig. 34). The struc-
tures of all 55 gp24* molecules in the unexpanded head were
determined, but they do not show significant conformational
variations among themselves (Fig. 3B) and are overall similar to
the previously reported X-ray structure of the E. coli-expressed
gp24 in uncleaved form (Ca RMSD: 3.1 A) (17). However,
there are several notable differences between the structures of
vertex-associated gp24* (vertex-gp24*) and isolated gp24 (Fig.
3(C): The long spine helix of the P domain is straight in the
vertex-gp24* structures, whereas it is twisted in the isolated
gp24 structure (Fig. 3D); the 20 N-terminal residues are
resolved in the isolated gp24 structure, whereas they are disor-
dered in the vertex-gp24* structures, probably because of the
cleavage ofthe 10 N-terminal residues and flexibility of residues
11-20 (Fig. 3E); residues 348—359 in the vertex-gp24* struc-
ture are disordered, whereas they are ordered in the isolated
gp24 structure (Fig. 3F); residues 143—154 of I-domain linker
2 that are disordered in the isolated gp24 structure are fully
resolved in the vertex-gp24* structures, because they are stabi-
lized by interactions with the nearby capsomers (Fig. 3G); and
more of the I-domain linker 1 is resolved in the vertex-gp24*
structures because it is stabilized by intracapsomer interactions
(namely, residues 63—81 are disordered in the isolated gp24
structure, whereas only residues 60—68 are disordered in the
vertex-gp24* structures) (Fig. 3G).

Sets of five gp24* molecules assemble into pentameric cap-
somers (Fig. 3H), with the P domains and A domains forming
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Inside viral capsid

Fig. 3. Gp24* monomer and pentamer structures in the unexpanded head. (A) Gp24* monomer structure. The A domain (red), spine helix (orange), AP
loop (magenta), P domain (yellow), I-domain linker 1 (cyan), I-domain linker 2 (green), | domain (blue) and G loop (brown) are shown. (B) Superimposition of
the 11 gp24* monomer structures onto each other within each asymmetric unit of the unexpanded head. (C) Superimposition of cryo-EM gp24* structure
(magenta) and gp24 crystal structure (dark gray; PDB ID: 1YUE) (17). (D-G) Zoomed-in views of the corresponding regions in panel C, showing the detailed
differences between these two structures. The first N-terminal residues are labeled in panel E. The disordered residues in panels F and G are indicated by
dashed lines. (H) Structure of pentameric capsomer 2. The | domain of one gp24* subunit is indicated by a dotted oval (Left). The A loops of gp24* subunits

are highlighted by red cartoons (Right).

the periphery and core of the capsomers, respectively. As in the
hexameric gp23* capsomers, the I domain and [-domain linkers
of gp24* participate in intracapsomer interactions. However,
unlike in the gp23* capsomers, the A loop of each gp24* mole-
cule folds back to the bottom of its own A domain, making
limited intersubunit contacts within each capsomer (Fig. 3H).

Intercapsomer Interactions in Unexpanded Head. Neigh-
boring capsomers associate with each other mainly near the quasi-
threefold axes of the capsid shell via potential hydrophobic
interactions between the gp23*/gp24* P loops and via potential
electrostatic interactions between the short, negatively charged
a-helix in the P domains and a positively charged region in the
P-domain (B-strands of gp23* and gp24* (Fig. 4). The negatively
charged residues in the P-domain helices involved in these charge
interactions are conserved in gp23* and gp24* (Fig.4).

PNAS 2022 Vol. 119 No. 40 €2203272119

The association between neighboring capsomers is reinforced
by the gp23* [-domain linker 2 and the gp24* I-domain linker
2 (Fig. 4 B and D). In addition, the AP loop of gp24* (Fig.
3D) interacts with the I-domain linker 2 of gp23* from a
neighboring hexameric capsomer (Fig. 4D). However, the
corresponding region (aa residues 384—400) in the AP loop of
gp23* is disordered and probably does not make contacts with
its neighboring capsomer.

Structures of the Expanded Head and the Expansion-Induced
Conformational Transitions. The fivefold-averaged cryo-EM
structure of the expanded T4 head has been determined to 3.4-A
resolution (Fig. 54 and ST Appendix, Figs. S1D and S2B), which
allowed building of an atomic model consisting of all 930 gp23*
molecules, 55 gp24* molecules, and 860 of 870 Soc molecules
(Fig. 5 B—E). The two Soc molecules between hexameric

https://doi.org/10.1073/pnas.2203272119
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linker 2

=

Fig. 4. Intercapsomer interactions in the unexpanded head. (A) Structures of hexameric capsomers 12 (H12), 13 (H13), and 15 (H15). (B) Zoomed-in view of
the boxed region in panel A, showing the intercapsomer interactions between hexameric capsomers, including the potential hydrophobic interactions and
the potential charge interactions around the quasi-threefold axis. Sidechains involved in the hydrophobic and charge interactions are colored blue
and green, respectively. Cryo-EM densities of the residues involved in these interactions are shown in mesh. (C) Structures of pentameric capsomer 1 (P1)
and hexameric capsomers 6 (H6) and 7 (H7). (D) Zoomed-in view of the boxed region in panel C, showing the intercapsomer interactions near one of the
vertices, including the interactions between the AP loop of gp24* and I-domain linker 2 of a neighboring gp23*, as well as potential hydrophobic interactions
and potential charge interactions around the quasi-threefold axis. Cryo-EM densities of the residues involved in these interactions are shown in mesh.
Because the interactions between hexamer 6 and 7 are similar to what has been shown in panel B, they are not shown in this panel for clarity.

capsomers 16 and 31 within each fivefold asymmetric unit could
not be built because the density is too weak due to either low or
no occupancy of Soc at these sites. During expansion, in addition
to a major reorganization of the networks of interactions, the T4

head gains a ~70% increase in volume, from ~2.1 x 10% A’to
~3.5 x 108 A° (Fi%. 54), the capsid wall gets thinned tlf
central openings of hexameric capsomers shrink from ~17
to ~14 A in diameter, and blndln%/lsne,s emerge for the capsid
decoration proteins Hoc and Soc (Movies S1 and S2).

The expanded head structure shows that some of the inter-
capsomer interactions observed in the unexpanded head are no
longer maintained after capsid expansion. Although the I-domain
linkers 2 of gp24* and gp23* remain involved in intercapsomer
interactions, the former maintains similar contacts with its
neighboring capsomer, whereas the latter binds to its neighboring
capsomer by using a different region after expansion (Figs. 4
and 6 and SI Appendix, Fig. S3). In addition, the AP loop of
gp24* still interacts with its neighboring gp23* capsomer, but its
binding interface changes during expansion (Figs. 4D and 6D and
SI Appendix, Fig. S3 D-F).

Strikingly, however, the distribution of the intercapsomer
angles does not change significantly (S7 Appendix, Table S2),
and the overall prolate shape of the capsid is faithfully recapitu-
lated during the expansion (Figs. 14 and 54). This is because
most of the intercapsomer interactions around the quasi-
threefold axes remain unchanged, including the hydrophobic
interactions between the P loops and the charge interactions
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between the P-domain short a-helix and B-strand (Fig. 4B
and 6B), suggesting that these interactions are important for
maintaining the capsid integrity. Furthermore, structures of
these regions around the quasi-threefold axes also remain nearly
unchanged, suggesting that they act as anchor points for rota-
tions occurring during capsid expansion (Movies S1 and S2).
In other phages, the intercapsomer interactions near the quasi-
threefold axes are also largely preserved during capsid expansion
(25,27,29, 49, 50) suggesting that this is a general characteris-
tic of the expansion process.

Rotations of the A domain and spine helix and twists of the
B-strands in the P domain and P-domain-proximal region of
the I-domain linkers are observed in both gp23* and gp24*
subunits, relative to the anchor points located near quasi-
threefold axes (Movies S1 and S2). These rotations and twists
make the gp23* and gp24* structures oriented more tangential

to the capsid surface. Large displacement (>16 A) occurs in the
I domain of each gp23* subunit (Movie S1). As a consequence,

different binding modes between the gp23* I domain and the
adjacent gp23* subunit are observed in the unexpanded and
expanded structures. The I domain lies on the junction
between the spine helix and the A domain of the adjacent
gp23* subunit in the expanded head, while it stands near the
G loop of the adjacent gp23* subunit in the unexpanded head
structure (Fig. 2 4 and C). As a result, the interface area
between the I domain of gp23* and its neighboring gp23*

subunit from the same capsomer increases from ~460 A?
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Fig. 5. Structure of the T4 expanded head. (A) Surface representation of
the cryo-EM reconstruction of the T4 expanded head. The scale bar repre-
sents 100 A. (B) Diagrammatic organization of the T4 expanded head
viewed from outside the virus. The hexameric capsomers are outlined
using hexagons. The capsomers are labeled with numbers. The angles
between neighboring capsomers are indicated in the boundaries between
neighboring capsomers. (C) Gp23* structure. (D) Gp24* structure. The N
termini of these two structures are colored pink; while the remaining sub-
domains are color-coded as follows: A domain (red), spine helix (orange),
AP loop (magenta), P domain (yellow), I-domain linker 1 (cyan), I-domain
linker 2 (green), | domain (blue) and G loop (brown). (E) Soc monomer
structure.

to ~650 A% after expansion. In contrast, much smaller dis§>lace-
ment (~8 A) occurs for the I domain of %IEZM(MOVI@S 1 and
S2), which lies on the junction between the spine helix and the

A domain of the adjacent gp24* molecule before and after
expansion. The A loop of gp23*, which plays critical roles in A
domain—A domain interactions in the core of each hexameric
capsomer in the unexpanded head, folds back to the bottom of
its own A domain and makes much fewer intracapsomer con-
tacts in the expanded head.

The I-domain linkers of both gp23* and gp24* are stretched
and undergo significant conformational changes during expan-
sion. The a-helix of the I-domain linker 2 of gp23* partially
unfolds, moves to the periphery of its capsomer, and makes
extensive intercapsomer contacts (38) (Movie S1). Partial unfold-
ing also occurs in the a-helix of the I-domain linker 1 of each
gp24* subunit (Movie S2).

The N-terminal regions of gp23* and gp24* undergo large
conformational rearrangements and become involved in both
intracapsomer and intercapsomer interactions. The short a-
helix of gp24* (aa 22-29) unfolds, and a part of it (aa 26—29)
becomes involved in parallel B-structure interactions with an
I-domain linker of an adjacent gp24* subunit from the same
pentameric capsomer (Fig. 6E). The previously disor- dered
N-terminal region of gp24* (aa 11-20) extends to the
peripheral outer surface of a neighboring hexameric capsomer
and participates in extensive intercapsomer interactions (Fig.
6F). The disordered N terminus of gp23* becomes resolved
after the capsid expansion as well (Fig. 5C). In the expanded
capsid, this N-terminal region forms an extended arm and N-
fist (38), which are involved in extensive intracapsomer and
intercapsomer interactions (Fig. 6D). In other phage systems,
the N-terminal regions of the capsid proteins also undergo

PNAS 2022 Vol. 119 No. 40 €2203272119

refolding during expansion (25-27, 49, 50) and become
involved in extensive intracapsomer and intercapsomer inter-
actions in the mature heads. Furthermore, all flexible regions
in the I-domain linkers of gp23* and gp24* are stabi-
lized by intracapsomer or intercapsomer interactions and
become resolved in the expanded capsid structure (Fig. 5 C
and D).

In addition to interactions with other major capsid protein
subunits that stabilize the expanded capsid, the N-fist and I-
domain linkers of the expanded gp23* form binding sites for
Soc molecules on the capsid surface (SI Appendix, Fig. S4 A—
(). Each Soc molecule attached to the capsid interacts with

two adjacent %p23* capsomers. With a binding surface area of
~1,160 A2, these interactions clamp capsomers together (S/
Appendix, Fig. S4 B and C). At the same time, three capsomers

are tied together through trimerization of Soc subunits by

Soc—Soc interactions at the quasi-threefold axes. All these intri-
cate interactions greatly increase capsid stability and further
IR P S R A e e s
tion and the fold used by the tadpole-shaped T4 Soc protein
(35) are distinct from those of other capsid decoration proteins
found in other phages and viruses (51, 52).

Curiously, the expanded capsid reconstruction shows addi-
tional helical densities below the P domains of the gp24* vertex
protein subunits. These densities may correspond to the N-
terminal 10-aa peptide pieces of gp24, which are cleaved off
by the maturation protease but remained attached to gp24*.

Alternatively, these densities may correspond to a part of
another digested protein of the inner scaffolding core.

Structure-Function Analysis of the Capsid Shell. A large col-
lection of mutants in the major capsid protein gp23 have been
well characterized by genetic and biochemical studies (2, 53).
Many of these are classic mutants that led to a detailed mor-
phogenetic pathway for phage T4 head assembly and length
control. The present unexpanded and expanded capsid recon-
structions allowed detailed analyses of the structural and func-
tional consequences of these mutations.

Gp31 chaperonin bypass mutations. T4 encodes a unique cocha-
peronin protein, gp31, a structural and functional analog of the
E. coli small chaperonin GroES. It replaces GroES in the
GroEL—-GroES chaperone complex that is essential for proper
folding of the gp23 major capsid protein (but not gp24) (2).
However, a single-substitution mutant A455V and a triple-
substitution mutant G292S/V3061/V3071 completely eliminate
the requirement for the gp31 cochaperonin (54). We found
that all these residues are part of the P-domain, residue 455 in
the P-domain B-sheet, and residues 292, 306, and 307 in the
P-domain spine helix (SI Appendix, Fig. S5, cyan dots), all
making this domain more hydrophobic, which probably helps
gp23 to fold correctly and with appropriate kinetics without
the assistance of the gp31 chaperonin.

Gp24-bypass mutations. There are single-substitution mutations
in gene 23, which eliminate the necessity for the vertex protein
gp24 by forming pentamers in addition to hexamers that occupy
the pentameric vertices (2, 55). Such mutations, N381S, A387T,
and K420R, are located in the A domain of gp23, which forms
the core of the capsomers. In both the unexpanded and
expanded head structures, residues 381 and 387 are in a short
a-helix, whereas residue 420 is in a loop region (SI Appendix,
Fig. S5, black dots). Superposition of the gp23* structure onto
the pentameric gp24* vertex of the unexpanded head shows that
all these residues are located in the interface of neighboring

https://doi.org/10.1073/pnas.2203272119
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Gp23* and gp24* monomer structures and intercapsomer interactions in the expanded head. (A) Structures of hexameric capsomer 12 (H12),

13 (H13), and 15 (H15), showing the interactions between neighboring hexameric capsomers. (B) Zoomed-in view of the boxed region in panel A, showing
the hydrophobic interactions and the potential charge interactions that are maintained after capsid expansion. (C) Structures of pentameric capsomer 1 (P1)
and two adjacent hexameric capsomers 6 (H6) and 7 (H7), showing the intercapsomer interaction near one of the capsid vertices. (D, E) Zoomed-in views of
the boxed regions in panel C. The AP loop of gp24* contacts with the N terminus of a neighboring gp23*. A red dotted line box in panel E indicates the
parallel B-structure interactions between two adjacent gp24* subunits. Sidechains involved in the hydrophobic and potential charge interactions in all of

these panels are colored blue and green, respectively.

subunits within the capsomer. Therefore, these bypass mutations
modulate the intersubunit interactions such that gp23 can form
both pentamers and hexamers.

Capsid length mutations. A series of point mutations in the gp23
major capsid protein alter the capsid length and produce isomet-
ric or giant heads and various amounts of intermediate-length
heads, in addition to native prolate heads (2, 53, 56, 57).
Remarkably, all the well-characterized length-changing mutations
are clustered near the quasi-threefold axes (S Appendix, Fig. S5),
consistent with the present structures that showed no significant
movements or conformational changes at the quasi-threefold axes
during expansion.

One group of the head-length-affecting mutations, A268V,
A275T, D285V, D287V, and D287N, is located in a small
region of gp23*, close to the short P-domain helix (S7 Appendix,
Fig. S5; red dots). This negatively charged helix is located near
the quasi-threefold axes, relating adjacent gp23* capsomers, and
is involved in charge interactions with neighboring capsomers.
Although the sidechains of the residues 268, 275, 285, and 287
do not interact directly with neighboring capsomers, the muta-
tions in these sites probably alter the position of the short P-
domain helix, which in turn affects the intercapsomer interac-
tions and angles between capsomers.

Another group of length-altering mutations, T457A, R460C,
and G4618, is also located near the quasi-threefold axes, relating
adjacent gp23* capsomers (S/ Appendix, Fig. S5; yellow dots). In
these quasi-threefold regions, three P loops belonging to adjacent
capsomers interact with each other (Fig. 4B). Therefore, these
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mutations probably affect the P loop conformations and there-
fore intercapsomer interactions.

The third group of mutations, A66D, A94V, and G978, is
located in the N terminus of gp23*, which is flexible in the
unexpanded head reconstruction. The first gp23* residue built
in the unexpanded atomic model (L106) points to the inside of
the capsid, suggesting that the N-terminal part of gp23* was
originally located inside the capsid shell and probably interacted
with the inner scaffolding core of the immature unexpanded
head (58). After expansion, this region gets externalized and
remodeled into an extended arm and the N-fist, which clearly
form extensive intercapsomer interactions in the expanded head
as described above. Thus, interactions between the N-terminal
domain of gp23 and the scaffolding core (gp22) also affect the
intercapsomer angles and play an important role in the capsid
length determination. Interactions between the N-terminal
regions of the major capsid proteins and the scaffolding pro-
teins is a common feature found previously in the unexpanded
heads of phages P22 (23), T7 (25), SPP1 (26), and a80 (59).

A Conformational Switch in Portal-Capsomer Interactions.
Our structures show that the capsid protein subunits display
distinct conformational states in the unexpended and expanded
heads. In the in situ asymmetric reconstruction of the dodeca-
meric portal vertex in the expanded state (19), the N-terminal
six amino acids of the portal protein form a “whisker,” and in
2 out of 12 portal subunits (#1 and #6), it is anchored to the
capsid shell. The N-terminal methionines of these two portal
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subunits form potential metal-binding clusters with Met98,
Met284, and His282 residues of the gp23* molecules facing
these portal subunits. Mutational studies showed that the length
of the whisker is critical for head assembly (19). The gp23* resi-
dues Met284 and His282 are located in the P-domain of the
protein, whereas Met98 is located in the N-terminal gp23*
region. However, in the unexpanded head, the N-terminal region
is disordered while it forms an extended N-arm in the expanded
head (see above). Although the portal vertex is not resolved in
the unexpanded head reconstruction, because it shows significant
flexibility, it is reasonable to assume that similar anchoring
of the portal’s N-whiskers to the capsid shell is also present in
the immature unexpanded T4 head. Consistently, assuming the
orientations and structures of the gp23* subunits in the portal
vertex are similar to those observed in the other 11 capsid vertices
in the unexpanded head, the methionine and histidine residues
of gp23* subunits are oriented in a similar fashion relative to the
portal vertex in both the unexpanded and expanded head struc-
tures. However, strikingly, the composition of the gp23* mole-
cules that form the metal cluster is different. In the unexpanded
structure, the Met98 residue of gp23* is replaced by the Met444
residue belonging to the P-domain of a neighboring gp23* subu-
nit rather than that of the same subunit in the expanded head
structure (SI Appendix, Fig. S6). This might account in part for
the flexibility of the portal in the unexpanded state and indicates
an expansion-associated conformational switch in the capsid sub-
units at the capsid—portal interface. Therefore, combined with
previous observations (60—62), a compelling case can be made
for this conformational switch being a trigger for capsid expan-
sion. This then leads to a domino effect, propagating the expan-
sion conformational switch to the neighboring subunits and then
to the entire capsid structure as a wave, with the portal at the
epicenter (see Discussion).

Discussion

The atomic models of the unexpanded and expanded T4 head,
containing ~71,000 and ~103,000 residues within each five-
fold asymmetric unit, respectively, are among the largest avail-

able structures deposited in the Protein Data Bank. These
structures, at near-atomic resolution, reveal dramatic conforma-
tional transitions in a large prolate viral capsid, generating
insights into the mechanisms of capsid assembly and stabiliza-
tion, head length determination, and shell expansion.

Capsid Assembly and Stabilization. Some of the structural fea-
tures of the phage T4 capsid and changes during assembly and
maturation are similar to those observed in the other phages,
whereas others are specific to T4. For instance, similar to other
phages such as HK97 and T5 (27, 29, 45), adjacent capsomers
in the T4 capsid are reinforced by strong electrostatic interac-
tions between the P domains of the capsid protein subunits
located near the quasi-threefold axes and are conserved in both
the unexpanded and expanded heads.

As in the other phages such as HK97, the N-terminal region
of the T4 major capsid protein, gp23, is probably in interaction
with the inner scaffolding core and is cleaved off by a prohead
maturation protease that is also part of the core (21). However,
unlike the other phages, the T4 protease also cleaves off the
N-terminal region of the vertex protein gp24 and degrades the
scaffolding core into small peptides (2, 20). The T4 unex-
panded head structure shows 14—17 A diameter openings in
each capsomer center, through which the degraded scaffolding
peptides probably escape, creating space in the interior of the
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capsid for viral genome encapsidation. These openings become
closed during the capsid expansion. Such openings are also pre-
sent in phages such as P22 (23) and SPP1 (26) but are larger
because these phages do not encode a protease and hence
require larger space for the uncleaved scaffolding protein to
escape (23).

Similar to the other phages (29, 48), the N-terminal regions
of the cleaved gp23* and gp24* capsid proteins undergo sub-
stantial structural remodeling during capsid expansion. These
regions migrate from the capsid interior to the outer surface
and are involved in extensive intercapsomer and intracapsomer
interactions, stabilizing the capsid.

Phage T4 exhibits distinctive features, however. An unusual
structural element of the T4 major capsid protein is the elon-
gated A loop, which dominates interactions between the axial A
domains of adjacent subunits in the unexpanded head. In the
expanded capsid, it changes its conformation and makes fewer
contacts with its neighboring subunit. Another distinctive fea-
ture is that, unlike most other phages, T4 has evolved a special
vertex-specific capsid protein gp24* which forms the pentame-
ric vertices, affording maximum curvature for the capsid.
Although gp24* and gp23* proteins have sequence and struc-
ture similarity, the gp24* capsomers, unlike the gp23* capsom-
ers, undergo the least conformational rearrangement during
expansion.

Phage T4 has also evolved special capsid stabilization mecha-
nisms. One such mechanism involves the large I domain with
long linkers. The I-domain linkers are functionally equivalent
to the E loop of the classical HK97 fold (45) but structurally
distinct because they provide an enormous interacting surface.
Furthermore, each I domain crosses over and lays on top of a

neighboring subunit belonging to the same capsomer. Withits
~650 A interacting surface area in the exi)and_ed state, the
I domains firmly interlock the subunits, greatly reinforcing the

capsomer structure (Fig. 6).

Second, the long I-domain linkers are dynamic, undergoing
substantial remodeling during unexpanded to expanded transi-
tion (Movies S1 and S2). In the unexpanded capsid, the linkers
are disordered, whereas in the expanded capsid they are ordered
and form numerous intercapsomer and intracapsomer interac-
tions (Fig. 6). Furthermore, this remodeling creates high-
affinity binding sites for the assembly of Soc subunits, which,

through trimerization and clampin% of'adjacent capsomers, and
with an interacting surface area of ~3,480 A2, tie together all
three capsomers at the quasi-threefold axes. Repetition of these

reinforcements across the prolate capsid generate a cage-like
structure locking the capsid within it (S7 Appendix, Fig. S44).
Together, the above features impart extraordinary stability to
T4 phage, allowing it to survive in hostile environments such
as the human gut.

Capsid Length Control. The T4 head assembly is initiated by
the portal vertex (3, 63). The portal protein, gp20, recruits the
capsid protein gp23, and the core protein gp22, forming a
nucleation complex. This facilitates the assembly of the portal-
proximal icosahedral cap, followed by the assembly of the mid-
section, and then the distal cap. Unlike most other isometric
phages and viruses, the elongated prolate head of T4 poses
additional complexity as itrequires precise control of the capsid
length, the length of the nonicosahedral midsection. Analysis of
the capsid length-altering mutations in the unexpanded and
expanded structural states suggests that the capsid length is gov-
erned primarily by intercapsomer interactions that modulate
the angles between capsomer planes.

https://doi.org/10.1073/pnas.2203272119
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In the unexpanded head caps, the angles between adjacent
gp23* capsomers belong to three groups: angles of ~38° sur-
rounding the vertices; angles of 17-2 I%, which abound in the
caps; and a few small angles of 1° and 2° (Fig. 1D and S/
Appendix, Table S2). Therefore, it is reasonable to assume that
the triangulation number of the caps (T = 13) is predetermined
by the angles around the vertices and by the most common
angles of 17-21°.

he elongated midsection shows a broader spectrum of inter-
capsomer angles. For example, angles of 8°, 11°, and 14° are
observed only in the midsection but not in the caps. Further-
more, small angles of 2—5° occur frequently in the midsection
(Fig. 1D and ST Appendix, Table S2). Therefore, during the
midsection assembly, smaller angles of 2—14° are favored
instead of the common angles of 17-21°, resultin% in a smaller
curvature of the capsid and, consequently, assembly of an elon-

gated midsection.

Mutational analyses show that alteration of intercapsomer
interactions at the quasi-threefold axes make certain ranges of
angles less or more favorable. For example, if a mutation makes
smaller (2—14°) intercapsomer angles less favorable and com-
mon angles of 17-21° more favorable, the gp23 capsomers
would assemble into isometric heads instead of elongated pro-
late (WT) heads. On the other hand, if a mutation makes the
small intercapsomer angles favorable, the midsection elongates
further, generating “giant” heads that can be up to 10 times the
length of WT prolate heads (2, 56, 57). This modulation is not
very precise and varies between different mutants and different
individual capsid assemblies, hence the position where a pen-
tagonal hole is created in a hexagonal capsomer array for gp24
pentamer incorporation is not fixed, generating a distribution
of preferred sites. Consequently, mixtures of different-length
capsids, WT prolates, isometrics, intermediates, and giants,

with different distributions, are produced in various mutants
(2, 53, 56, 57). Even in the WT phage infections, up to ~5%
of the phages are found to contain iSometric heads and ~1%
contain intermediate-length heads (64).

Our analyses further suggest that the intercapsomer angles
are influenced by interactions between the capsid protein
(gp23) and the scaffolding core protein (gp22). In particular,
the cluster of N-terminal of length mutants (A66D, A94V, and
G978) are probably part of a region that is originally localized
inside the immature capsid and interacts with the scaffolding
core. These interactions, and mutations in this region that alter
these interactions, can also modulate the intercapsomer angles.
In fact, mutations have been identified in the gp22 scaffolding
core protein that either alter capsid length or suppress the alter-
ations in the capsid length induced by the capsid protein muta-
tions (65, 66). This was also observed in phage phi29 where
mutations in the scaffolding protein give rise to isometric icosa-
hedral particles rather than the prolate WT particles (47, 67).

Thus, small variations in the intercapsomer interactions at
the quasi-threefold axes or the capsid—scaffolding core inter-
actions can alter the intercapsomer angles of the midsection.
Furthermore, it was reported that mutations that can alter these
angles in the icosahedral caps resulted in “wide” heads (68).
Therefore, an important lesson emerging from analyses of a large
collection of length mutations is that subtle changes, often a
slight increase in hydrophobicity (e.g., A268V) that allow similar
but slightly different intercapsomer contacts, lead to profound
changes in the capsid length and the size of genome it can

accommodate. It is tempting to speculate that the T4 Ehage orig-
inally was anisometric virus accommodating ~ 120-kbp genome,
but a small change in the intercapsomer contacts (e.g., A275T
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mutation) changed it to a prolate virus that can then accommo-
date an additional 50-kbp genome, providing home for dozens

of additional genes that can confer survival advantages. In fact,
~75% of the ~300 open reading frames present in the phage
T4 genome are considered to be nonessential under controlled

growth conditions but might be essential in the natural envi-
ronment or for infection of different WT E. coli strains. Soc
and Hoc and internal proteins are good examples of such non-
essential genes that are dispensable under laboratory conditions
but impart survival advantages for T4 phage in its natural envi-
ronment (8).

In this context, it is worth noting an unusual strategy used
by the thermophilic phage P23-45 to increase the size of the
capsid (50). Instead of increasing the triangulation number
(T=17),the P23-45 phage evolved larger capsomers by increas-
ing the size of the A domain and the E loop of the major capsid
protein, which resulted in about twice the larger capsid volume
and twice the amount of genome packaged when compared to
other T =7 phages (50).

Capsid Shell Expansion. The unexpanded head of icosahedral
phages corresponds to a metastable state of the capsid shell,
which is converted to a stable expanded state as the genomic

DNA gets packaged. Evidence suggests that, in vivo, head
expansion occurs after ~10-30% of genome is packaged in dif-
ferent phages (62, 69, 70), although the T4 unexpanded heads

can expand spontaneously without any DNA being packaged,
both in vivo and in vitro (40). However, mutant T4 heads in
which some of the portal protein subunits were replaced by a
recombinantly expressed green fluorescent protein fusion at the
C terminus of the portal protein were found to remain in
the unexpanded conformation (62). Our results show that the
green fluorescent protein fusion is not essential, and it is proba-
bly the pre-expression of the portal protein from a recombinant
plasmid and its assembly into a dodecamer in the absence
of portal-interacting components such as gp40 (membrane
chaperone), gp23 (capsid protein), and gp22 (core protein) that
stabilized a pre-expansion conformation.

Furthermore, we discovered that the capsid subunits facing
the portal subunits at the symmetry-mismatched T4 portal
vertex are in a different conformation in the unexpanded state.
In the unexpanded head, the portal anchoring metal cluster is
formed by two gp23* subunits molecules, Met284 and His282
of one subunit and Met444 of an adjacent subunit (S/
Appendix, Fig. S6 4 and B). However, in the expanded head,
the Met444 of adjacent subunit is replaced by Met98 of the
same gp23* subunit, which is also part of the remodeled N-arm
conformation in the expanded state (SI Appendix, Fig. S6 C—
E). To our knowledge, such a conformational switch at the
portal vertex has not been observed in the symmetry averaged
head structures of other phages (29, 32, 71).

This conformational switch could be either a consequence
of capsid expansion or a cause of capsid expansion. Evidence
points to the latter. First, the portal’s unique location in the
capsid involves special portal—capsid interactions that undergo
structural morphing in order to accommodate the symmetry
mismatch between the fivefold capsid and the 12-fold portal
(19). This means that these interactions are dynamic and can
be modulated in response to head maturation processes, such as
genome packaging. When the packaging motor assembles on
the portal and packaging is initiated, a conformational change
in the portal protein subunits probably triggers a conforma-
tional change in the capsid protein subunits with which they
interact (72—75). Second, when the first packaged genomic
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DNA enters the unexpanded head, it is not distributed uni-
formly in the capsid interior. It settles near the portal vertex
(76, 77), imposing a degree of pressure at the unique portal
vertex, and the pressure keeps building as packaging continues
(78). When it reaches a threshold, in T4 after about 5—10 kb
genome is packaged, or about 5 s after packaging is initiated
(62, 79), this pressure would push down on the portal or cause
displacement of the portal relative to the capsid (32, 71, 72).
Since the dodecameric portal is anchored to the fivefold capsid
vertex through two N-terminal whiskers of the portal, which
form metal-binding clusters with gp23* subunits (19), this
would cause a pull on these gp23* molecules, inducing a
conformational change. Consequently, a remodeling of the
metal-binding cluster would occur, leading to an unexpanded
to expanded transition. This conformational transition of the
portal-anchoring capsid subunits then triggers energetically
favorable conformational changes in their immediate neighbors
because of the altered intersubunit interactions, causing a
domino effect. This expansion wave thus propagates through
the portal-proximal icosahedral cap, then through the capsid
midsection to the distal cap, while the capsomers remain
fastened at the quasi-threefold axes through the intercapsomer
network of electrostatic interactions. The quasi-threefold axes
thus act as anchor points around which the gp23* subunits
rotate and twist as the expansion wave spreads through the entire
capsid (Movie S2) and are further locked in by clamping the
capsomers with Soc molecules (SI Appendix, Fig. S3). Finally,
electron micrographs of T4 polyheads and giant heads showed
the presence of rare hybrid expanded heads in which expansion
was interrupted midway (2, 3, 60, 61, 80). One half of the head
was expanded while the other halfremained unexpanded, with a
sharp boundary in the middle. No patches of unexpanded or
expanded regions were observed within the expanded or unex-
panded capsid lattices, respectively, and the expansion front is
always perpendicular to the head axis, leading to the conclusion
that expansion is polar and spreads rapidly as a wave, with the
symmetry-mismatched portal vertex at the epicenter.

Conclusions

In conclusion, our structures and analyses reveal near-atomic-
level descriptions of a large prolate virus as it transitions from
an immature unexpanded head to an expanded mature head.
This transition occurs at the right moment, when the capsid is
being loaded with the genome, a signal transmitted to capsid
through the dynamic symmetry-mismatched portal vertex. Besides
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