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Abstract: The formation of many double-stranded DNA viruses, such as herpesviruses and bacterio-
phages, begins with the scaffolding-protein-mediated assembly of the procapsid. Subsequently, the
procapsid undergoes extensive structural rearrangement and expansion to become the mature capsid.
Bacteriophage P22 is an established model system used to study virus maturation. Here, we report
the cryo-electron microscopy structures of procapsid, empty procapsid, empty mature capsid, and
mature capsid of phage P22 at resolutions of 2.6 Å, 3.9 Å, 2.8 Å, and 3.0 Å, respectively. The structure
of the procapsid allowed us to build an accurate model of the coat protein gp5 and the C-terminal
region of the scaffolding protein gp8. In addition, interactions among the gp5 subunits responsible for
procapsid assembly and stabilization were identified. Two C-terminal α-helices of gp8 were observed
to interact with the coat protein in the procapsid. The amino acid interactions between gp5 and gp8
in the procapsid were consistent with the results of previous biochemical studies involving mutant
proteins. Our structures reveal hydrogen bonds and salt bridges between the gp5 subunits in the
procapsid and the conformational changes of the gp5 domains involved in the closure of the local
sixfold opening and a thinner capsid shell during capsid maturation.

Keywords: bacteriophage P22; virus assembly; scaffolding protein; capsid expansion; cryo-EM

1. Introduction

Many viruses undergo drastic conformational changes and structural rearrangements
before and after viral genome packaging [1–3]. Tailed bacteriophages, as the most diverse
and extensive viruses in the Earth’s biosphere [2,4,5], are valued by researchers because
they provide a simple model system which makes it easy to recognize the core biological
processes related to all biology [6]. In many double-stranded DNA viruses, including
herpesviruses, the formation of the tailed phages begins with the assembly of an empty
precursor particle (procapsid) [2,7]. In general, the procapsid comprises an icosahedral
round shell formed by a major capsid protein (coat protein) and a scaffolding protein or
an equivalent scaffolding domain that is covalently attached to the coat protein [3,8–10].
One of twelve icosahedral vertices of the procapsid is replaced by a cylinder-shaped portal,
which provides a channel for DNA packaging. During DNA packaging, the procapsid
shell expands to a more angular intermediate to match the size of the viral genome. This
process is accompanied by conformational changes in the coat protein and release of the
scaffolding protein or domain [3,8–10].
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The icosahedral capsid shell of the tailed phage, which is composed of hundreds
of coat protein subunits, is relatively conserved. Facilitated by cryo-electron microscopy
(cryo-EM) and X-ray crystallography, the capsid structures of many tailed phages have
been determined at near-atomic resolutions [9–14]. Structural details of the tailed phages
show the conserved folding of their coat proteins, which is defined as the HK97 fold
because it was first discovered in phage HK97 [14,15]. These conserved domains include
the A-domain (axial domain), P-domain (peripheral domain), E-loop (extended loop), and
N-arm (N-terminal arm). There are some additional coat protein domains which appear in
some, but not in all phages.

Salmonella typhimurium bacteriophage P22, a member of Podoviridae, is an established
model system for studying protein assembly and conformational changes in macromolec-
ular machines under different functional states [16,17]. Bacteriophage P22 is also a well-
studied protein-cage model system, which is suitable for designing effective nanomaterial
containers for use in programmed cargo encapsulation [18–20]. During the assembly of bac-
teriophage P22, the scaffolding protein acts as a catalyst of macromolecule assembly [21,22].
Approximately 250–300 copies of scaffolding protein gp8 and 415 copies of coat protein gp5
bind to each other to form the procapsid in the T = 7 laevo icosahedral arrangement [21,22].
In addition to the conserved HK97 fold, gp5 has a distinctive nonconserved domain (inser-
tion domain or I-domain) that is inserted in the A-domain. In the procapsid and capsid, the
gp5 subunits are arranged into pentons and hexons (collectively referred to as capsomers).

The structure of the P22 mature capsid has been resolved at 3.3 Å resolution [23]. In
addition, the icosahedral procapsid structures of bacteriophage P22 have been extensively
studied using cryo-EM from 3.8 Å to 28 Å resolutions [3,16,24–26]. Backbone models of the
coat protein gp5 and the C-terminal region of the scaffolding protein gp8 built from a 3.8 Å
cryo-EM map of the P22 procapsid [3] revealed that the C-terminal region of the scaffolding
protein attaches to the inner surface of the procapsid around the icosahedral fivefold axis
and the local sixfold axis. However, a later reported nuclear magnetic resonance (NMR)
structure of the isolated I-domain of the P22 coat protein differed substantially from the
gp5 backbone model [3,27]. Although the I-domain structure was used in conjunction
with the 3.8 Å cryo-EM procapsid map to develop a refined model of the I-domain, as
well as the full-length P22 coat protein, the amino acid residue registration of the model
might be inaccurate due to the limited resolution of the cryo-EM map. Moreover, the high
resolution structure involved in the interactions between scaffolding and coat proteins
is still unknown, although the structure of the recombinant C-terminal region of the P22
scaffolding protein has been determined by NMR [22].

Here, we report the cryo-EM structures of the procapsid, empty procapsid, empty
mature capsid, and mature capsid of phage P22 at resolutions of 2.6 Å, 3.9 Å, 2.8 Å, and
3.0 Å, respectively. The side chains of gp5 and the two C-terminal α-helices of gp8 were
clearly resolved in the procapsid structure, allowing us to build accurate atomic models.
Our structures of the procapsid and mature capsid at higher resolution reveal hydrogen
bonds and salt bridges between the gp5 subunits in the procapsid and the structural
changes involved in the closure of the local sixfold opening and a thinner capsid shell
during capsid maturation.

2. Materials and Methods
2.1. Sample Purification

Salmonella typhimurium strain was grown in LB medium (10 g Tryptone, 5 g Yest
extract, and 10 g sodium chloride per liter) for 5 h at 37 ◦C. The P22 phage (ATCC-97541-B1),
which was purchased from the American Type Culture Collection (Manassas, VA, USA),
was propagated on S. typhimurium for 4 h at 37 ◦C. After cell lysis, the culture continued for
several hours to allow the growth of infected S. typhimurium. We separated and collected the
bacteria and the supernatant using low-speed centrifugation at 6000× g for 15 min at 8 ◦C.
The bacterial cells were lysed with 50% chloroform, and low speed centrifugation removed
cell debris. Next, 1 M NaCl and 10% polyethylene glycol (PEG8000) (Amresco, Solon, OH,
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USA) were added to the supernatant, which was stored in an ice–water bath overnight. The
precipitated P22 phage particles were resuspended in 10 mM Tris-HCl and 1 mM MgCl2
(pH 7.4) and then were purified by two rounds of continuous density centrifugation on CsCl
cushions (CsCl) (Sigma, St. Louis, MO, USA). After the first centrifugation on 1.6 g/mL
and 1.4 g/mL CsCl cushions at 100,000× g for 2 h at 8 ◦C, two bands were clearly visible
(Figure S1A). The two bands were separated and collected by the second centrifugation on
1.6 g/mL and 1.4 g/mL CsCl cushions and dialyzed against 10 mM Tris-HCl and 1 mM
MgCl2 (pH 7.4) overnight at 4 ◦C. The two bands of P22 particles were evaluated after
negative staining with an electron microscope.

2.2. Cryo-EM Imaging

An aliquot of 3 µL from each of the two bands of P22 particles was applied to an
amorphous nickel titanium alloy grid with carbon film, which was glow-discharged for
30 s. The grid was loaded into an FEI Vitrobot and the parameters were set as follows: a
temperature of 8 ◦C, a relative humidity of 100%, and a blot time of 3.5 s. After completion
of the sample blotting, the grid was plunged into solid–liquid ethane and transferred
to liquid nitrogen. Cryo-EM images were collected by the Titan Krios G3i microscope
equipped with a Gatan imaging filter and a K3 summit direct electron detector. The FEI
EPU software proceeded to automatically collect data of the lower and upper bands at a
magnification of 53,000× and 64,000×, corresponding to pixel sizes of 1.36 Å and 1.06 Å,
respectively. The full dose of each movie of lower band and upper band of P22 particles
was approximately 35 e−/Å2. Finally, 4668 movies was collected in total for the upper
band, and 1000 movies for the lower band.

2.3. Image Processing of the P22 Particles

The icosahedral reconstructions of the P22 particles in the upper band (procapsid,
empty procapsid, and empty capsid) were performed using our software [28,29] based on
the common-line algorithms [30].

The defocus and astigmatism values of each image were determined by our software.
The viral particles were boxed automatically using the program ETHAN [31], and these
particles were manually classified into three types, namely, procapsid (small and full),
empty procapsid (small and empty), and empty capsid (large and empty) (Figure S1B) for
image reconstruction. The orientations and centers of the three types of particle images were
determined by our software [28,29] based on common-line algorithms [30]. The icosahedral
structures of the three types of particles were reconstructed by our reconstruction program
ISAF imposing icosahedral symmetry [32]. The resolutions of the reconstructions were
estimated by the Fourier shell correlation criterion [33].

To further improve the resolution of the structures, we applied local refinement and
reconstruction to the asymmetric units of the procapsid, empty procapsid, and empty capsid
by using local reconstruction (C1 symmetry). The local refinement and reconstruction were
performed iteratively to improve the resolution until the orientations and centers in all
datasets were stabilized, and the structural resolution could not be further improved. The
P22 particle in the lower band (capsid) was reconstructed using the same approach.

2.4. Atomic Model Building and Refinement

Using COOT software [34], we manually built the atomic models of gp5 and gp8
on the basis of the cryo-EM density map of the procapsid. Furthermore, we refined the
models through real-space refinement, as implemented in Phenix [35]. The refinement
and validation statistics are presented in Table S1. All figures were prepared using UCSF
Chimera [36] and ChimeraX [37].
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3. Results
3.1. Cryo-EM Reconstruction of P22 Particles in the Two Bands of the Gradient

The bacteriophage P22 was propagated in S. typhimurium, and the phage lysate from
the bacterial culture was purified using density gradient centrifugation. Two visible bands
containing P22 particles were separated. The upper and lower bands were located at
1.4 g/mL- and 1.6 g/mL-CsCl cushions, respectively (Figure S1A). Cryo-EM analysis of the
upper band showed that there were three types of P22 particles in the images, namely, small
and full particles, small and empty particles, and large and empty particles (Figure S1B). We
obtained the icosahedral structures of the three types of particles at 3.7 Å, 4.6 Å, and 4.0 Å
resolutions (Figure S1C,D), respectively, by using cryo-EM and icosahedral reconstruction.
The icosahedral structures of the three types of particles were virtually identical to the
previously reported procapsid structure at 3.8 Å resolution [3], empty procapsid at 8 Å
resolution [26], and capsid of the mature P22 at 3.3 Å resolution [23], respectively. We,
therefore, designated them as procapsid, empty procapsid, and empty capsid, respectively
(Figure S1C).

To further improve the resolution of the three structures, local reconstructions were
performed of the asymmetric regions of the individual particles to improve the procapsid,
empty procapsid, and empty capsid to resolutions of 2.6 Å, 3.9 Å, and 2.8 Å, respectively
(Figures S1E, S2 and S3). These results revealed the imperfect icosahedral symmetry of
the procapsid and the capsid. Based on the procapsid density map, we improved the
atomic models for the seven subunits of the coat protein gp5 in the asymmetric unit of the
procapsid protein (Figure 1 and Figure S2).

The icosahedral structure of the empty procapsid was almost identical to that of the
procapsid, except that the structure of the empty procapsid lacked the U-shaped structures
within the capsid (Figure 2A,B and Figure S4), which was attributed to the C-termini
of the scaffolding protein within the capsid [3,26] (described below). Except for the U-
shaped structure, the densities within the procapsid were unstructured and revealed as two
disordered concentric layers, which was attributed to the disordered scaffolding protein
and ejection proteins in the procapsid (Figure 2A, Figures S1C and S4A).

Cryo-EM analysis of the lower band showed that there was only one type of particle
(large and full) in the sample (Figure S1B). Icosahedral reconstruction of the large and full
particle at 3.6 Å resolution (Figures S1C,D) showed that its structure was virtually identical
to the previously reported mature P22 structure at 3.3 Å resolution [23].

3.2. Structure of the Coat Protein and Assembly of the Procapsid

There are seven subunits of the coat protein gp5 in the procapsid asymmetric unit,
that is, six for the hexon and one for the penton. We built atomic models for the seven
gp5 subunits based on our 2.6 Å resolution density map of the procapsid (Figure 1B–D
and Figure S2). The superposition of the seven gp5 subunits showed root-mean-square
deviation values ranging from 1.39 to 2.32 Å, suggesting that the seven subunits were almost
identical (Figure S5). Compared with the previously reported Cα backbone model of the P22
procapsid gp5 [3] and the NMR structure of the gp5 I-domain [27], our structure provided
a more accurate trace of the main chain and registration of the side chains (Figure 1D and
Figure S2). The gp5 structure can be divided into six domains [3,27], namely, the N-arm
(residues 2–30), P-domain (residues 31–33, 79–127, and 358–416), insertion (I-, residues
222–345), A-domain (residues 128–221, 346–357, and 417–430), E-loop (residues 51–78), and
F-loop (residues 34–50) (Figure 1D). The N-arm domain is an N-terminal α-helix. The P-
domain comprises a β-sheet flanked by a long α-helix. The A-domain comprises a β-sheet
flanked by two short α-helices. Residues 194–208 of the A-domain are flexible (Figure S6).
The I-domain in our procapsid gp5 structure differs from that in the previously reported
Cα backbone model of the procapsid [3] in the trace of the main chain. By contrast, our
I-domain structure is similar to the NMR structure of the isolated I-domain [27] in that
they both have a β-barrel (Figure S7). However, the two loops varied markedly in the
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two structures: the D-loop (residues 239–254) became a β-hairpin in our structure, and the
S-loop (residues 277–292) shifted (Figure S7).
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Figure 1. The cryo-EM structure of the P22 procapsid. (A) The overall structure of the procapsid.
The seven subunits of the procapsid asymmetric unit are in different colors. (B) The segmented
asymmetric unit from the local reconstruction of procapsid. (C) Accurate atomic models based on
the density map in panel B. (D) Density maps of gp5 at 2.6 Å resolution superimposed on their
atomic models. The gp5 structure is divided into six domains, namely, N-arm, P-domain, I-domain,
A-domain, F-loop, and E-loop.

A previous biochemical study showed that 18 temperature-sensitive mutations in
gp5 could affect gp5 folding and procapsid assembly [38,39]. In addition to 10 of the
18 temperature-sensitive-folding (tsf) substitutions localized in the I-domain NMR struc-
ture [27], the remaining eight substitutions (W48Q, A108V, D174G, D174N, F353L, G403D,
Y411H, and P418S) were also localized in our gp5 structure (Figure S8). In our struc-
ture, W48 was located in the F-loop, where it formed a hydrogen bond with T46 in the
neighboring gp5 subunit (Figure 3A,B), which is consistent with the results of a previous
biochemical study that reported the mutation W48Q to decrease the stability of the pro-
capsid shell [38]. Among the remaining seven substitutions, A108, Y411, and G403 were
located in the P-domain, whereas D174, F353, and P418 were located in the A-domain
(Figure S8). These seven residues did not interact with the other gp5 subunits and, therefore,
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the decreased stability of these tsf mutants could intrinsically destabilize gp5, rather than
disrupt interactions between gp5 subunits in the procapsid.
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Figure 2. Interactions between the scaffolding protein and the inner procapsid. (A) The cut-open
view of the procapsid structure. (B) The distribution of U-shaped helix-turn-helix motif (C-terminus
of the scaffolding protein) on the inner surface of the procapsid. The two layers, which are attributed
to the disordered scaffolding protein and ejection proteins, were removed computationally for clarity.
(C) The hexon density segmented from the procapsid. The gp5 subunits and helix-turn-helix motif
are in gray and red, respectively. (D) The atomic model of the density map in panel C. (E) An
atomic model of the C-terminal residues of the scaffolding protein was built into the U-shaped
helix-turn-helix density map. (F–H) Interactions between the helix-turn-helix motif and gp5.

The gp5 subunits in the procapsid are closely linked to each other through electrostatic
interactions. A previous structural study of P22 gp5 [16] based on a gp5 model generated
from the NMR structure of the isolated gp5 I-domain [27] and the cryo-EM structure of
the procapsid at 3.8 Å resolution [3] suggested that potential salt bridges between two
neighboring gp5 subunits in the procapsid might occur between E81 and K249, as well as
between R299 and D244 and R269 and D246. We identified the inter-subunit salt bridges
between E81 and K249 in the two neighboring gp5 subunits, respectively, and between
D246 and R255 in the two neighboring gp5 subunits, respectively (Figure 3B). The last two
proposed salt bridges were not identified in our procapsid structure because their side
chains projected toward different directions (Figure S9).
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3.3. Interactions between the Scaffolding Protein and the Inner Procapsid

There were U-shaped structures of a helix-turn-helix motif anchored on the inner
surface of the procapsid around the icosahedral fivefold axes and local sixfold axes
(Figure 2A,B). The distribution of the U-shaped helix-turn-helix motif in our structure
was similar to that of the previously reported Cα backbone model of the P22 procapsid [3],
and each copy of the α-helix was associated with a gp5 subunit in the asymmetric unit
in the same interaction mode. However, in our structure, the orientation of the U-shaped
helix-turn-helix motif was reversed, with the “U” opening toward the fivefold or sixfold
axes (Figure 2B–D). The quality of the U-shaped structure was further improved by the
asymmetric averaging of the seven U-shaped structures in the asymmetric unit, allowing us
to build an atomic model of the C-terminal residues (271–300) of the 303-residue scaffolding
protein gp8 into the U-shaped structure (Figure 2C–E). The C-terminus of gp8 exhibited a
helix-loop-helix motif, in which the main chain and the amino acid registration were almost
identical to the coat-protein-binding domain of the previously reported NMR structure of
gp8 (PDB ID: 2GP8) [22] (Figure S10A). The C-terminus of gp8 in the asymmetric unit was
anchored to the inner capsid through electrostatic interactions mediated by R293 and K296
in the helix-loop-helix of gp8 and D14, E15, and E18 in the gp5 N-arm domain (Figure 2F
and Figure S10B). In addition, S285 in gp8 formed a hydrogen-bond interaction with N4 in
gp5 (Figure 2G and Figure S10C), and Y292 in gp8 formed a cationic π interaction with R101
in gp5 (Figure 2H and Figure S10D); these interactions further stabilized the scaffolding
protein in the capsid.

Our structural results of the interactions between gp5 and gp8 in the procapsid are
also evidenced by previous biochemical studies. The removal of 11 C-terminal residues
of the P22 scaffolding protein abrogated its binding to the coat protein [40]. In addition,
alanine-scanning mutagenesis in charged residues of the C-terminal region of gp8 and
site-directed mutagenesis of gp8 and gp5 [41,42] suggest that R293 of gp8 bound to D14 of
gp5, and K296 of gp8 formed the closest interaction with D14 and E18 of gp5. In a previous
study, truncation mutants of gp8 showed that residues 280–294 of gp8 could interact with
gp5 [43], which is consistent with the hydrogen bond interaction between S285 of gp8
and N4 of gp5 in our procapsid structure (Figure 2G). Moreover, E15 in gp5 maintains a
weak interaction with gp8 as reported in a site-directed mutagenesis study [41], which is
consistent with our structural results that the distance from E15 of gp5 to either R293 or
K296 of gp8 is larger than the distance from either D14 or E18 of gp5 to either R293 or K296
of gp8 (Figure 2F and Figure S10B).
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3.4. Conformational Changes in the Coat Protein during Viral Maturation

Our structure of the mature P22 capsid was identical to the previously reported struc-
ture at 3.3 Å resolution [23]. Compared with the procapsid, the mature capsid expanded
and became more angular, the sixfold opening closed, and the capsid became thinner.
The structural changes of the capsid were caused by the conformational changes of gp5
(Figure 4, and Movie S1). The N-arm α-helix became a long loop that projected into the
gp5 subunit in the adjacent asymmetric unit (Figures 4A,B and S11A). The tip of the F-loop
transformed into an α-helix (residues 36–42) (Figures 4A,B and S11E). In the A-domain,
one of the two short α-helices extended from residues 172–177 to 172–184 and the flexible
loop (residues 190–208) became an α-helix and a fixed loop, resulting in the closure of the
sixfold opening in the procapsid (Figures 4B,D,E and S11B). The P-domain and E-loop tilted,
resulting in a thinner capsid shell (Figure S11C,D). The I-domain was largely unchanged,
except for a minor shift of its D-loop (Figure S11E). The structural changes of these domains
collectively gave rise to the expanded hexamer or pentamer (Figure 4C, Figure S1C and
Movies S2–S4), resulting in an expanded mature capsid.
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Figure 4. The conformational transition of the coat protein from the procapsid to the capsid. (A) Gp5
subunits of penton in the procapsid (left) and the capsid (right). (B) The superposition of the coat
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The salt bridges between E81 and K249, as well as those between D246 and R255 in
the procapsid, and the hydrogen bond between W48 and T46 were disrupted due to the
conformational change of gp5 (Figure 3C,D). Indeed, the effect of the tsf mutation (W48Q),
which caused a decrease in the stability of the procapsid shells, was reduced upon capsid
expansion [38]. New salt bridges were identified in the mature capsid as compensation.
For example, E5, E15, and E159 formed salt bridges with K31, R42 and K216, respectively,
in a neighboring gp5 subunit in the mature capsid [23]. In addition, the N-terminal arms of
every subunit interacted with neighboring gp5 units through β-augmentation (Figure 3D).

4. Discussion

The formation of the P22 procapsid requires 415 copies of the coat protein gp5 and
approximately 250–300 copies of the scaffolding protein gp8, with a complex of portal and
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ejection proteins located at the unique fivefold vertex [44]. To improve the resolutions
of the icosahedral structures of the P22 procapsid and capsid, we imposed icosahedral
symmetry during the reconstruction. Therefore, the structure at the unique fivefold vertex
was not resolved. Our structure showed that the two C-terminal α-helices of gp8 interacted
with the N-arm of gp5, and the remaining regions of gp8 were unresolved, probably due to
asymmetrical distribution of the remaining regions of gp8. Previous biochemical studies
showed that gp8 plays important roles in the proper assembly of the procapsid [43,45].

Although our structure showed that each gp5 subunit was associated with a gp8
subunit, the copy number of the gp5 and gp8 in the procapsid [21] indicates that some gp5
subunits are not associated with the scaffolding protein. This partial occupancy of gp8
in the procapsid is evidenced in our procapsid structure, which showed that the density
of the gp8 subunit was obviously weaker than that of the gp5 subunit. This observation
suggests that the distribution of the gp8 subunits in the procapsid is an artifact resulting
from the imposed icosahedral symmetry during the reconstruction. Our results revealed
that the structure of the empty procapsid without gp8 was identical to that of the procapsid,
suggesting that the release of gp8 alone is not sufficient to trigger the conformational
changes in gp5.

Capsid expansion and maturation are achieved by conformational changes in gp5.
The most dramatic change occurred in the coat N-arm domain, in which the N-terminal
α-helix became the extending loop. A similar conformational change upon maturation
also occurred in phages T4, T5, T7, SPP1, P23–45, and lambda [9–11,46,47] with different
triangle numbers and capsid sizes (Figure S12), suggesting that this structural change is
conserved in the tailed phages, and is independent of the triangle number and capsid size.
In addition, the tilts of the P-domain and E-loop were also conserved in these phages.

The A-domain of gp5 is also involved in capsid expansion and maturation. The
A-domain tip (residues 158–209) flips and closes the sixfold opening during the tran-
sition from the procapsid to the mature capsid. A similar conformational change in
the A-domain also occurred in the coat proteins of phages SPP1, T5, and T7 [9,10,46]
(Figure S13). However, the local sixfold axes in both procapsids and capsids of phages T4,
lambda, and HK97 [12,13,47,48] were closed (Figure S14). Phages P22, SPP1, T7, T4, and
lambda [3,9,10,49,50] encode scaffolding proteins for procapsid assembly. Among these
phages, the scaffolding proteins of P22, SPP1, and T7 [3,9,10] are released through the
opening of the hexamer during the maturation of the capsid. It is reported that the P22
scaffolding protein can participate in capsid assembly again, that is, after it is released [21].
Presumably, T7 and SPP1 also recycle their scaffolding proteins. By contrast, phages T4 [51]
and lambda [50] remove scaffolding proteins by the viral encoded proteases after capsid
maturation. The mechanism of protease digestion of these phages explains why they do not
have a central opening in the hexamer. Notably, phages T5 [46,52] and HK97 [53] do not
encode the scaffolding protein, but rather use the N-terminal domain of the major capsid
protein as the scaffolding protein, which is also digested by the viral-encoded protease
during the maturation of the head. The reason why the local sixfold axis of the HK97
procapsid is closed while that of T5 procapsid is open remains to be elucidated, although
both phages use the mechanism of protease digestion to remove the scaffolding protein
during the capsid maturation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15020355/s1, Figure S1: Cryo-EM images, density maps, and
Fourier shell correlation (FSC) curves; Figure S2: Density maps (transparent or mesh) of the coat
protein gp5 in the procapsid are superimposed in the atomic models; Figure S3: Density maps of
the coat protein gp5 of th eprocapsid, empty procapsid, and empty capsid by using icosahedral
(left) and local reconstructions (right); Figure S4: The structural comparison between the procapsid
and the empty procapsid; Figure S5: All seven subunits of the coat protein in the asymmetric
unit of the procapsid; Figure S6: Density map of gp5 superposed on its atomic model; Figure S7:
Structural comparison of the I domain in our procapsid with the previously reported isolated I
domain; Figure S8: Temperature-sensitive mutations are mapped in gp5 in our procapsid; Figure S9:

https://www.mdpi.com/article/10.3390/v15020355/s1
https://www.mdpi.com/article/10.3390/v15020355/s1


Viruses 2023, 15, 355 10 of 12

Side chains of two putative salt bridges (D246-R269 and D244-R299) in two neighboring gp5 subunits
(magenta and yellow), which correspond to subunits C and D in Figure S5; Figure S10: Structure of
the C-terminus (residues 271–300) of the scaffolding protein gp8; Figure S11: Conformational changes
of the coat protein gp5 from the procapsid(purple) to the capsid (cyan); Figure S12: Conformational
changes upon maturation in phages T4, T5, T7, SPP1, P23-45, and lambda; Figure S13: In phages
SPP1, T5, and T7, the A-domain tip flips and closes the sixfoldopening during the transition from the
procapsid to mature capsid; Figure S14: For phages T4, lambda, and HK97, the local sixfoldaxes in
both the procapsidand the capsid are closed; Table S1: Refinement and model statistics; Movie S1:
The structural changes of the capsid were caused by the conformational changes of gp5; Movie S2–S4:
The structural changes of these domains collectively gave rise to the expanded hexamer or pentamer.

Author Contributions: L.C. and H.L. designed the research; H.X., J.Z., F.Y., Z.L., J.S., W.C., H.L., and
L.C. performed the research; H.X., L.C., and H.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(12034006, 31971122, 32071209, and 32200994).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The electron density maps and atomic coordinates have been deposited
in the EM Data Bank (accession no. EMD-35120, EMD-35121, EMD-35123, EMD-35124, EMD-35126,
EMD-35127, EMD-35132, and EMD-35133), and Protein Data Bank (ID codes 8I1T and 8I1V).

Acknowledgments: The cryo-EM data collection was carried out at the Kobilka Cryo-EM Center of
the Chinese University of Hong Kong (Shenzhen).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Conway, J.F.; Wikoff, W.R.; Cheng, N.; Duda, R.L.; Hendrix, R.W.; Johnson, J.E.; Steven, A.C. Virus maturation involving large

subunit rotations and local refolding. Science 2001, 292, 744–748. [CrossRef]
2. Suhanovsky, M.M.; Teschke, C.M. Nature’s favorite building block: Deciphering folding and capsid assembly of proteins with the

HK97-fold. Virology 2015, 479, 487–497. [CrossRef] [PubMed]
3. Chen, D.H.; Baker, M.L.; Hryc, C.F.; DiMaio, F.; Jakana, J.; Wu, W.; Dougherty, M.; Haase-Pettingell, C.; Schmid, M.F.;

Jiang, W.; et al. Structural basis for scaffolding-mediated assembly and maturation of a dsDNA virus. Proc. Natl. Acad. Sci. USA
2011, 108, 1355–1360. [CrossRef]

4. Michaud, J.M.; Thompson, L.R.; Kaul, D.; Espinoza, J.L.; Richter, R.A.; Xu, Z.Z.; Lee, C.; Pham, K.M.; Beall, C.M.; Malfatti, F.; et al.
Taxon-specific aerosolization of bacteria and viruses in an experimental ocean-atmosphere mesocosm. Nat. Commun. 2018, 9, 2017.
[CrossRef] [PubMed]

5. Hendrix, R.W.; Smith, M.C.; Burns, R.N.; Ford, M.E.; Hatfull, G.F. Evolutionary relationships among diverse bacteriophages and
prophages: All the world’s a phage. Proc. Natl. Acad. Sci. USA 1999, 96, 2192–2197. [CrossRef] [PubMed]

6. Salmond, G.P.; Fineran, P.C. A century of the phage: Past, present and future. Nat Rev. Microbiol. 2015, 13, 777–786. [CrossRef]
7. Cardone, G.; Heymann, J.B.; Cheng, N.; Trus, B.L.; Steven, A.C. Procapsid assembly, maturation, nuclear exit: Dynamic steps in

the production of infectious herpesvirions. Adv. Exp. Med. Biol. 2012, 726, 423–439.
8. Prevelige, P.E.; Fane, B.A. Building the machines: Scaffolding protein functions during bacteriophage morphogenesis. Adv. Exp.

Med. Biol. 2012, 726, 325–350.
9. Guo, F.; Liu, Z.; Fang, P.A.; Zhang, Q.; Wright, E.T.; Wu, W.; Zhang, C.; Vago, F.; Ren, Y.; Jakana, J.; et al. Capsid expansion

mechanism of bacteriophage T7 revealed by multistate atomic models derived from cryo-EM reconstructions. Proc. Natl. Acad.
Sci. USA 2014, 111, E4606-14. [CrossRef]

10. Ignatiou, A.; Brasiles, S.; El Sadek Fadel, M.; Burger, J.; Mielke, T.; Topf, M.; Tavares, P.; Orlova, E.V. Structural transitions during
the scaffolding-driven assembly of a viral capsid. Nat. Commun. 2019, 10, 4840. [CrossRef] [PubMed]

11. Bayfield, O.W.; Klimuk, E.; Winkler, D.C.; Hesketh, E.L.; Chechik, M.; Cheng, N.; Dykeman, E.C.; Minakhin, L.; Ranson, N.A.;
Severinov, K.; et al. Cryo-EM structure and in vitro DNA packaging of a thermophilic virus with supersized T=7 capsids. Proc.
Natl. Acad. Sci. USA 2019, 116, 3556–3561. [CrossRef] [PubMed]

12. Gertsman, I.; Gan, L.; Guttman, M.; Lee, K.; Speir, J.A.; Duda, R.L.; Hendrix, R.W.; Komives, E.A.; Johnson, J.E. An unexpected
twist in viral capsid maturation. Nature 2009, 458, 646–650. [CrossRef] [PubMed]

13. Wang, C.; Zeng, J.; Wang, J. Structural basis of bacteriophage lambda capsid maturation. Structure 2022, 30, 637–645.e3. [CrossRef]
[PubMed]

http://doi.org/10.1126/science.1058069
http://doi.org/10.1016/j.virol.2015.02.055
http://www.ncbi.nlm.nih.gov/pubmed/25864106
http://doi.org/10.1073/pnas.1015739108
http://doi.org/10.1038/s41467-018-04409-z
http://www.ncbi.nlm.nih.gov/pubmed/29789621
http://doi.org/10.1073/pnas.96.5.2192
http://www.ncbi.nlm.nih.gov/pubmed/10051617
http://doi.org/10.1038/nrmicro3564
http://doi.org/10.1073/pnas.1407020111
http://doi.org/10.1038/s41467-019-12790-6
http://www.ncbi.nlm.nih.gov/pubmed/31649265
http://doi.org/10.1073/pnas.1813204116
http://www.ncbi.nlm.nih.gov/pubmed/30737287
http://doi.org/10.1038/nature07686
http://www.ncbi.nlm.nih.gov/pubmed/19204733
http://doi.org/10.1016/j.str.2021.12.009
http://www.ncbi.nlm.nih.gov/pubmed/35026161


Viruses 2023, 15, 355 11 of 12

14. Duda, R.L.; Teschke, C.M. The amazing HK97 fold: Versatile results of modest differences. Curr. Opin. Virol. 2019, 36, 9–16.
[CrossRef]

15. Wikoff, W.R.; Liljas, L.; Duda, R.L.; Tsuruta, H.; Hendrix, R.W.; Johnson, J.E. Topologically linked protein rings in the bacteriophage
HK97 capsid. Science 2000, 289, 2129–2133. [CrossRef]

16. Parent, K.N.; Khayat, R.; Tu, L.H.; Suhanovsky, M.M.; Cortines, J.R.; Teschke, C.M.; Johnson, J.E.; Baker, T.S. P22 coat protein
structures reveal a novel mechanism for capsid maturation: Stability without auxiliary proteins or chemical crosslinks. Structure
2010, 18, 390–401. [CrossRef]

17. Casjens, S.R.; Molineux, I.J. Short noncontractile tail machines: Adsorption and DNA delivery by podoviruses. Adv. Exp. Med.
Biol. 2012, 726, 143–179.

18. O’Neil, A.; Reichhardt, C.; Johnson, B.; Prevelige, P.E.; Douglas, T. Genetically programmed in vivo packaging of protein cargo
and its controlled release from bacteriophage P22. Angew. Chem. Int. Ed. Engl. 2011, 50, 7425–7428. [CrossRef]

19. Patterson, D.P.; Schwarz, B.; Waters, R.S.; Gedeon, T.; Douglas, T. Encapsulation of an enzyme cascade within the bacteriophage
P22 virus-like particle. ACS Chem. Biol. 2014, 9, 359–365. [CrossRef]

20. McCoy, K.; Selivanovitch, E.; Luque, D.; Lee, B.; Edwards, E.; Caston, J.R.; Douglas, T. Cargo Retention inside P22 Virus-Like
Particles. Biomacromolecules 2018, 19, 3738–3746. [CrossRef]

21. King, J.; Casjens, S. Catalytic head assembling protein in virus morphogenesis. Nature 1974, 251, 112–119. [CrossRef] [PubMed]
22. Sun, Y.; Parker, M.H.; Weigele, P.; Casjens, S.; Prevelige, P.E., Jr.; Krishna, N.R. Structure of the coat protein-binding domain of the

scaffolding protein from a double-stranded DNA virus. J. Mol. Biol. 2000, 297, 1195–1202. [CrossRef] [PubMed]
23. Hryc, C.F.; Chen, D.H.; Afonine, P.V.; Jakana, J.; Wang, Z.; Haase-Pettingell, C.; Jiang, W.; Adams, P.D.; King, J.A.;

Schmid, M.F.; et al. Accurate model annotation of a near-atomic resolution cryo-EM map. Proc. Natl. Acad. Sci. USA 2017, 114,
3103–3108. [CrossRef] [PubMed]

24. Prasad, B.V.; Prevelige, P.E.; Marietta, E.; Chen, R.O.; Thomas, D.; King, J.; Chiu, W. Three-dimensional transformation of capsids
associated with genome packaging in a bacterial virus. J. Mol. Biol. 1993, 231, 65–74. [CrossRef] [PubMed]

25. Thuman-Commike, P.A.; Greene, B.; Jakana, J.; Prasad, B.V.; King, J.; Prevelige, P.E., Jr.; Chiu, W. Three-dimensional structure of
scaffolding-containing phage p22 procapsids by electron cryo-microscopy. J. Mol. Biol. 1996, 260, 85–98. [CrossRef]

26. Jiang, W.; Li, Z.; Zhang, Z.; Baker, M.L.; Prevelige, P.E., Jr.; Chiu, W. Coat protein fold and maturation transition of bacteriophage
P22 seen at subnanometer resolutions. Nat. Struct. Biol. 2003, 10, 131–135. [CrossRef]

27. Rizzo, A.A.; Suhanovsky, M.M.; Baker, M.L.; Fraser, L.C.; Jones, L.M.; Rempel, D.L.; Gross, M.L.; Chiu, W.; Alexandrescu, A.T.;
Teschke, C.M. Multiple functional roles of the accessory I-domain of bacteriophage P22 coat protein revealed by NMR structure
and CryoEM modeling. Structure 2014, 22, 830–841. [CrossRef]

28. Li, X.; Zhou, N.; Chen, W.; Zhu, B.; Wang, X.; Xu, B.; Wang, J.; Liu, H.; Cheng, L. Near-Atomic Resolution Structure Determination
of a Cypovirus Capsid and Polymerase Complex Using Cryo-EM at 200kV. J. Mol. Biol. 2017, 429, 79–87. [CrossRef]

29. Li, X.; Liu, H.; Cheng, L. Symmetry-mismatch reconstruction of genomes and associated proteins within icosahedral viruses
using cryo-EM. Biophys Rep. 2016, 2, 25–32. [CrossRef]

30. Thuman-Commike, P.A.; Chiu, W. Improved common line-based icosahedral particle image orientation estimation algorithms.
Ultramicroscopy 1997, 68, 231–255. [CrossRef]

31. Kivioja, T.; Ravantti, J.; Verkhovsky, A.; Ukkonen, E.; Bamford, D. Local average intensity-based method for identifying spherical
particles in electron micrographs. J. Struct. Biol. 2000, 131, 126–134. [CrossRef] [PubMed]

32. Liu, H.; Cheng, L.; Zeng, S.; Cai, C.; Zhou, Z.H.; Yang, Q. Symmetry-adapted spherical harmonics method for high-resolution 3D
single-particle reconstructions. J. Struct. Biol. 2008, 161, 64–73. [CrossRef]

33. DiMaio, F.; Tyka, M.D.; Baker, M.L.; Chiu, W.; Baker, D. Refinement of protein structures into low-resolution density maps using
rosetta. J. Mol. Biol. 2009, 392, 181–190. [CrossRef]

34. Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Cryst. D. Biol. Cryst. 2010, 66, 486–501.
[CrossRef]

35. Adams, P.D.; Afonine, P.V.; Bunkoczi, G.; Chen, V.B.; Davis, I.W.; Echols, N.; Headd, J.J.; Hung, L.W.; Kapral, G.J.; Grosse-
Kunstleve, R.W.; et al. PHENIX: A comprehensive Python-based system for macromolecular structure solution. Acta Cryst. D Biol.
Cryst. 2010, 66, 213–221. [CrossRef]

36. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera–a visualization
system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605–1612. [CrossRef] [PubMed]

37. Goddard, T.D.; Huang, C.C.; Meng, E.C.; Pettersen, E.F.; Couch, G.S.; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX: Meeting modern
challenges in visualization and analysis. Protein. Sci. 2018, 27, 14–25. [CrossRef]

38. de Sousa, P.C., Jr.; Tuma, R.; Prevelige, P.E., Jr.; Silva, J.L.; Foguel, D. Cavity defects in the procapsid of bacteriophage P22 and the
mechanism of capsid maturation. J. Mol. Biol. 1999, 287, 527–538. [CrossRef] [PubMed]

39. Gordon, C.L.; King, J. Temperature-sensitive mutations in the phage P22 coat protein which interfere with polypeptide chain
folding. J. Biol. Chem. 1993, 268, 9358–9368. [CrossRef] [PubMed]

40. Parker, M.H.; Casjens, S.; Prevelige, P.E., Jr. Functional domains of bacteriophage P22 scaffolding protein. J. Mol. Biol. 1998, 281,
69–79. [CrossRef]

http://doi.org/10.1016/j.coviro.2019.02.001
http://doi.org/10.1126/science.289.5487.2129
http://doi.org/10.1016/j.str.2009.12.014
http://doi.org/10.1002/anie.201102036
http://doi.org/10.1021/cb4006529
http://doi.org/10.1021/acs.biomac.8b00867
http://doi.org/10.1038/251112a0
http://www.ncbi.nlm.nih.gov/pubmed/4421992
http://doi.org/10.1006/jmbi.2000.3620
http://www.ncbi.nlm.nih.gov/pubmed/10764583
http://doi.org/10.1073/pnas.1621152114
http://www.ncbi.nlm.nih.gov/pubmed/28270620
http://doi.org/10.1006/jmbi.1993.1257
http://www.ncbi.nlm.nih.gov/pubmed/8496966
http://doi.org/10.1006/jmbi.1996.0383
http://doi.org/10.1038/nsb891
http://doi.org/10.1016/j.str.2014.04.003
http://doi.org/10.1016/j.jmb.2016.11.025
http://doi.org/10.1007/s41048-016-0024-5
http://doi.org/10.1016/S0304-3991(97)00033-8
http://doi.org/10.1006/jsbi.2000.4279
http://www.ncbi.nlm.nih.gov/pubmed/11042083
http://doi.org/10.1016/j.jsb.2007.09.016
http://doi.org/10.1016/j.jmb.2009.07.008
http://doi.org/10.1107/S0907444910007493
http://doi.org/10.1107/S0907444909052925
http://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://doi.org/10.1002/pro.3235
http://doi.org/10.1006/jmbi.1999.2614
http://www.ncbi.nlm.nih.gov/pubmed/10092457
http://doi.org/10.1016/S0021-9258(18)98358-4
http://www.ncbi.nlm.nih.gov/pubmed/8486630
http://doi.org/10.1006/jmbi.1998.1917


Viruses 2023, 15, 355 12 of 12

41. Cortines, J.R.; Motwani, T.; Vyas, A.A.; Teschke, C.M. Highly specific salt bridges govern bacteriophage P22 icosahedral capsid
assembly: Identification of the site in coat protein responsible for interaction with scaffolding protein. J. Virol. 2014, 88, 5287–5297.
[CrossRef] [PubMed]

42. Cortines, J.R.; Weigele, P.R.; Gilcrease, E.B.; Casjens, S.R.; Teschke, C.M. Decoding bacteriophage P22 assembly: Identification
of two charged residues in scaffolding protein responsible for coat protein interaction. Virology. 2011, 421, 1–11. [CrossRef]
[PubMed]

43. Weigele, P.R.; Sampson, L.; Winn-Stapley, D.; Casjens, S.R. Molecular genetics of bacteriophage P22 scaffolding protein’s functional
domains. J. Mol. Biol. 2005, 348, 831–844. [CrossRef] [PubMed]

44. Lander, G.C.; Tang, L.; Casjens, S.R.; Gilcrease, E.B.; Prevelige, P.; Poliakov, A.; Potter, C.S.; Carragher, B.; Johnson, J.E. The
structure of an infectious P22 virion shows the signal for headful DNA packaging. Science 2006, 312, 1791–1795. [CrossRef]

45. Earnshaw, W.; King, J. Structure of phage P22 coat protein aggregates formed in the absence of the scaffolding protein. J. Mol. Biol.
1978, 126, 721–747. [CrossRef]

46. Huet, A.; Duda, R.L.; Boulanger, P.; Conway, J.F. Capsid expansion of bacteriophage T5 revealed by high resolution cryoelectron
microscopy. Proc. Natl. Acad. Sci. USA 2019, 116, 21037–21046. [CrossRef] [PubMed]

47. Fang, Q.; Tang, W.C.; Fokine, A.; Mahalingam, M.; Shao, Q.; Rossmann, M.G.; Rao, V.B. Structures of a large prolate virus capsid
in unexpanded and expanded states generate insights into the icosahedral virus assembly. Proc. Natl. Acad. Sci. USA 2022,
119, e2203272119. [CrossRef]

48. Helgstrand, C.; Wikoff, W.R.; Duda, R.L.; Hendrix, R.W.; Johnson, J.E.; Liljas, L. The refined structure of a protein catenane: The
HK97 bacteriophage capsid at 3.44 A resolution. J. Mol. Biol. 2003, 334, 885–899. [CrossRef] [PubMed]

49. Black, L.W.; Rao, V.B. Structure, assembly, and DNA packaging of the bacteriophage T4 head. Adv. Virus Res. 2012, 82, 119–153.
50. Medina, E.; Wieczorek, D.; Medina, E.M.; Yang, Q.; Feiss, M.; Catalano, C.E. Assembly and maturation of the bacteriophage

lambda procapsid: gpC is the viral protease. J. Mol. Biol. 2010, 401, 813–830. [CrossRef]
51. Fokine, A.; Rossmann, M.G. Common Evolutionary Origin of Procapsid Proteases, Phage Tail Tubes, and Tubes of Bacterial Type

VI Secretion Systems. Structure 2016, 24, 1928–1935. [CrossRef] [PubMed]
52. Preux, O.; Durand, D.; Huet, A.; Conway, J.F.; Bertin, A.; Boulogne, C.; Drouin-Wahbi, J.; Trevarin, D.; Perez, J.; Vachette, P.; et al.

A two-state cooperative expansion converts the procapsid shell of bacteriophage T5 into a highly stable capsid isomorphous to
the final virion head. J. Mol. Biol. 2013, 425, 1999–2014. [CrossRef] [PubMed]

53. Hendrix, R.W.; Johnson, J.E. Bacteriophage HK97 capsid assembly and maturation. Adv. Exp. Med. Biol. 2012, 726, 351–363.
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1128/JVI.00036-14
http://www.ncbi.nlm.nih.gov/pubmed/24600011
http://doi.org/10.1016/j.virol.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/21974803
http://doi.org/10.1016/j.jmb.2005.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15843016
http://doi.org/10.1126/science.1127981
http://doi.org/10.1016/0022-2836(78)90017-7
http://doi.org/10.1073/pnas.1909645116
http://www.ncbi.nlm.nih.gov/pubmed/31578255
http://doi.org/10.1073/pnas.2203272119
http://doi.org/10.1016/j.jmb.2003.09.035
http://www.ncbi.nlm.nih.gov/pubmed/14643655
http://doi.org/10.1016/j.jmb.2010.06.060
http://doi.org/10.1016/j.str.2016.08.013
http://www.ncbi.nlm.nih.gov/pubmed/27667692
http://doi.org/10.1016/j.jmb.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23500494
http://www.ncbi.nlm.nih.gov/pubmed/22297521

	Introduction 
	Materials and Methods 
	Sample Purification 
	Cryo-EM Imaging 
	Image Processing of the P22 Particles 
	Atomic Model Building and Refinement 

	Results 
	Cryo-EM Reconstruction of P22 Particles in the Two Bands of the Gradient 
	Structure of the Coat Protein and Assembly of the Procapsid 
	Interactions between the Scaffolding Protein and the Inner Procapsid 
	Conformational Changes in the Coat Protein during Viral Maturation 

	Discussion 
	References

