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Abstract

Tailed, double-stranded DNA bacteriophages provide a well-characterized model system for the 

study of viral assembly, especially for herpesviruses and adenoviruses. A wealth of genetic, 

structural, and biochemical work has allowed for the development of assembly models and an 

understanding of the DNA packaging process. The portal complex is an essential player in all 

aspects of bacteriophage and herpesvirus assembly. Despite having low sequence similarity, portal 

structures across bacteriophages share the portal fold and maintain a conserved function. Due to 

their dynamic role, portal proteins are surprisingly plastic, and their conformations change for 

each stage of assembly. Because the maturation process is dependent on the portal protein, 

researchers have been working to validate this protein as a potential antiviral drug target. Here we 

review recent work on the role of portal complexes in capsid assembly, including DNA packaging, 

as well as portal ring assembly and incorporation and analysis of portal structures.
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INTRODUCTION

Bacteriophages have been used and researched for over a century. In the 1950s, 

bacteriophages were used to perform experiments that laid the foundation for the central 

dogma of modern molecular biology. More recent innovations have focused on the role 

phages can play in human health. This includes the use of phages for vaccines, either for 

antigenic display or for delivery of DNA vaccines to elicit a greater immune response than 

traditional vaccination methods. Furthermore, exploration of the human microbiome has 

prompted interest in the role phages play in intestinal health and diseases. Additionally, as 

antibiotic resistance continues to rise, phage therapy is garnering increased interest. Phages 
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have successfully been used to combat resistant bacterial infections once all other 

conventional therapeutics failed (1, 2).

Well-characterized phages also provide a platform to understand pathogenic human viruses. 

Bacteriophages work well as model systems for double-stranded DNA (dsDNA) viruses 

such as herpesviruses and adenoviruses. The general assembly mechanisms follow the same 

pathway, and the major proteins—including coat, scaffolding, and portal proteins—have 

significant structural similarities and biochemical properties. Here we discuss progress in 

understanding the structure and function of viral portal proteins in the assembly and 

infection cycle of bacteriophages as well as herpresviruses.

BACTERIOPHAGE ASSEMBLY

The assembly mechanisms of several dsDNA bacteriophages and herpesviruses have been 

studied in depth. The general pathway involves three major proteins: the coat, scaffolding (or 

delta domains attached to the coat protein), and portal proteins. Scaffolding proteins 

copolymerize with the coat proteins into an icosahedral procapsid or prohead made up of 

hexamers and pentamers, which contain a dodecameric portal protein replacing a pentamer 

at a single vertex (Figure 1). In P22, the scaffolding protein coassembles with the coat 

protein on a growing edge of the procapsid, whereas in T4 and herpesviruses, the coat 

protein assembles around a preformed scaffolding protein core. In all cases, the scaffolding 

protein is inside the procapsid (3–13). During maturation, the scaffolding protein exits the 

procapsid and is either degraded (as with phages lambda, T4, and HK97 and herpesviruses) 

or recycled for further rounds of assembly (as in P22 and Phi29), making room for DNA 

encapsidation (13–17). In P22, the scaffolding protein exits intact through holes in the coat 

protein lattice (9). In all bacteriophages, terminase proteins package the genome into the 

capsid until the DNA reaches liquid crystalline density, generating more than 50 pN of 

pressure (18–21). During the maturation process, the head expands, taking on a more 

angular shape and increasing the volume (19, 22). Once packaging is complete, the 

terminase proteins dissociate from the portal complex to allow for the addition of plug and 

tail proteins (23).

In the majority of phages, DNA packaging into procapsids begins with the small subunit of 

the terminase complex (TerS) recognizing the concatemeric viral DNA. Then, the large 

terminase (TerL) assembles onto the TerS:DNA complex and then the portal complex in the 

procapsid. The TerL cuts the DNA and packages it in an ATP-dependent process (24–26). To 

ensure packaging of a full genome into each capsid, these phages use one of two strategies. 

In headful phages, such as P22, T4, and SPP1, an initial nonspecific cut is made near a 

recognition (pac) site. All following cuts are nonspecific and occur following packaging of 

just over 100% of the genome (until the capsid head is full). The DNA in headful phages 

contains redundancy in the terminal ends to ensure that each capsid contains the entire 

genome. In cohesive end site (cos) phages, such as lambda, HK97, P2, and herpesviruses, 

nicks are produced at specific sites (cosN) such that a full genome length is packaged 

between the cut sites (25, 27). Bacteriophage Phi29, as well as adenoviruses, produces 

genome-length units of DNA and therefore does not require a cleavage event, although 

Phi29 does require a NoRC-associated RNA (pRNA) molecule for packaging (25, 28, 29). 
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DNA packaging is a multistep process that couples ATP hydrolysis to translocation of 

dsDNA inside an empty capsid (20, 21, 30, 31). Recent advances in single-molecule 

techniques have allowed for further analysis of DNA packaging mechanisms and rates in 

vitro, which are further discussed in this review. After release of the newly generated phages 

or viruses from infected cells, each must infect a new host. The genome is ejected into the 

new host cell via the portal protein. Thus, the portal complex is the conduit for DNA entry 

into and exit from the virus.

PORTAL PROTEIN: THE ESSENTIAL PLAYER IN PROCAPSID ASSEMBLY

The portal protein complex plays a unique role in tailed dsDNA bacteriophage assembly and 

herpesviruses. It is the nucleator for procapsid assembly in some bacteriophages, such as 

lambda and T4, and in herpesviruses (7, 32–34). In contrast, the absence of portal protein 

does not change the initiation of assembly or assembly kinetics in P22 and SPP1 (35, 36). 

Although procapsid-like particles can form or be in vitro assembled with only coat and 

scaffolding proteins, these procapsids cannot package DNA or mature into infectious viruses 

(3, 4, 36, 37). Only phages with portal incorporated at a single pentameric vertex are able to 

package the correct amount of DNA and are viable. In several bacteriophages, including T4, 

SPP1, and Phi29, the incorporation of the portal complex promotes the formation of capsids 

with the correct morphology (7, 36–39). In P22, the presence of excess portal has been 

linked to the formation of T = 4 particles and aberrant spirals, indicating that portal 

concentration plays a significant role in procapsid assembly (40). Across the bacteriophages, 

in addition to regulating procapsid assembly, portal proteins act as DNA sensors that 

facilitate both packaging and release of the genome (41–47). The portal complex is, 

therefore, indispensable as it plays a direct role in every step of phage assembly.

In recent years, there has been increased attention to bacteriophage and dsDNA virus portal 

complexes due to their unique role in capsid assembly and potential as a drug target. In this 

review, we discuss what is known about bacteriophage portal complexes, as well as their 

homologs in herpesviruses and adenoviruses. We focus on portal complex assembly and 

incorporation as well as the portal structure and its plasticity during DNA packaging and 

ejection. In each section, we use P22 as a model to compare and contrast with other 

bacteriophages as well as herpesviruses. To avoid overlap with other recent reviews, we 

recommend consulting References 23,25, and 48 for a more detailed overview of 

bacteriophage DNA packaging and the tail machinery.

PORTAL ASSEMBLY AND INCORPORATION

Portal Ring Incorporation

Before portal can act as a conduit for DNA, it must first be assembled from monomers and 

incorporated into a single vertex of the procapsid. In several bacteriophages as well as 

Herpes simplex virus (HSV-1), scaffolding protein is thought to interact with the portal 

complex to facilitate incorporation (32,36, 49–52). In bacteriophage P22, progeny from 

infections with phages that have an amber mutation in the scaffolding protein gene lack the 

portal protein and lead to aberrant coat protein structures (49). Interestingly, correctly sized 

P22 procapsids can form in the absence of the portal complex and still encapsulate the 
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internal ejection proteins, although these particles cannot package DNA to mature into 

infectious virions (9, 10, 40, 53–55). In vitro work has been used to show that in order for 

the P22 portal to be incorporated into procapsids, it must be present with coat protein 

monomers and scaffolding protein at the initiation of assembly, although excess portal 

induces the formation of petite procapsids and aberrant structures (33, 40, 56). Building 

capsids around a nucleation site that includes the portal complex, as well as scaffolding 

protein and potentially the major capsid protein, provides one explanation for the inclusion 

of portal at a single vertex.

Structural evidence from cryo-electron microscopy (cryoEM) also suggests that P22 portal 

and scaffolding protein interact. In a recent asymmetric cryoEM reconstruction of the P22 

portal complex incorporated into a procapsid (8.7 A), density below the portal wing domain 

was attributed to the helix-turn-helix domains of 10 scaffolding proteins, although 

biochemical evidence suggests that P22 scaffolding protein interacts more strongly with 

portal monomers than portal rings (56, 57).

Scaffolding protein is also important for portal incorporation and procapsid morphology in 

other phages. In phage lambda, amber mutations were used to show that portal and 

scaffolding protein interact prior to coat protein assembly (32). Soluble complexes of HSV-1 

portal (UL6) and scaffolding protein (UL26.5) can be used to initiate capsid assembly upon 

the addition of coat protein. SPP1 portal (gp6) forms a stable complex with coat (gp13) and 

scaffolding (gp11) proteins prior to capsid formation (33, 36, 52). In both P22 and Phi29, 

assembly reactions containing coat protein, scaffolding protein, and the portal complex are 

too rapid to detect intermediates or sequential binding (17). Scaffolding protein in Phi29 has 

been shown to bind portal rings in vitro, and coat protein interacts with portal rings only if 

scaffolding protein is also present (17, 38, 56). The exact order of binding events and 

mechanism of portal incorporation differ between phages, but it is likely that scaffolding 

protein is required for portal incorporation in most phages.

The portal complex also plays a critical role in procapsid morphology. In phage T4, although 

the portal is not necessary for core (scaffolding and internal proteins) assembly, inclusion of 

the portal protein regulates capsid dimensions during procapsid assembly (6, 7, 37, 39, 58). 

Thus, interactions between the portal and the scaffolding protein core may be necessary to 

form procapsids of the correct size in T4. Despite not forming a scaffolding protein core for 

portal to dock onto, SPP1 portal protein presence also regulates the formation of T = 7 

procapsids (36). The Phi29 portal complex also has an impact on phage morphology. 

Capsids assembled in vivo from scaffolding and coat proteins in the absence of portal were 

irregularly shaped and sized (38). In bacteriophages, the formation of functional procapsids 

requires the interaction of coat, scaffolding (or a delta domain in the case of HK97), and 

portal proteins.

Portal Ring Assembly

Scaffolding protein not only is required for the incorporation of the portal complex but also 

is necessary for the assembly of the dodecameric rings from monomers. In P22, infections 

with phages containing an amber mutation in the coat protein gene lead to formation of 

exclusively portal monomers, which is thought to be due to scaffolding protein 
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autoregulation (16, 59). Full-length P22 scaffolding protein and, to a lesser extent, coat 

protein have been shown to oligomerize assembly-competent portal rings. In addition, in 

vitro complementation experiments with P22 scaffolding protein truncation mutants 

identified the region from amino acids 229–238 as being required for portal incorporation in 

vivo (56, 60). Temperature-sensitive scaffolding protein mutants Y214W and S242F are 

unable to recruit portal, indicating that specific scaffolding protein residues may be 

responsible for incorporating portal into the growing procapsid (61).

Further genetic evidence for portal-scaffolding interactions in P22 includes the scaffolding 

protein escape mutant, G287E, which corrects head assembly in the presence of excess 

portal, but is correlated with lower incorporation in conditions with normal levels of portal 

expression (62). Scaffolding protein C-terminus mutations also affect scaffolding protein-

coat protein interactions, potentially leading to irregularities in portal incorporation (60, 62). 

Weak affinity chromatography experiments with P22 portal, coat, and scaffolding proteins 

also demonstrate that scaffolding protein interacts preferentially with portal monomers as 

opposed to portal rings, lending further evidence to the role of scaffolding protein in the 

oligomerization of portal rings (56). In P22, scaffolding protein messenger RNA (mRNA) 

may provide a docking site upon which assembly can be initiated (63). Scaffolding protein 

binds its own mRNA to autoregulate its translation, which could create a locally high 

concentration of scaffolding protein to assemble the portal complex prior to coat 

polymerization.

Mutational evidence has also indicated that coat protein may play a role in portal ring 

assembly and ensuring the incorporation of only one portal in P22. In in vitro assembly 

experiments, coat protein facilitated the assembly of portal rings, albeit to a much lesser 

extent than scaffolding protein (56). The A285T mutation in the coat protein I-domain 

enables the incorporation of two portals (64). Furthermore, suppressor searches revealed 

sites in the I-domain that enable incorporation of cold-sensitive portal mutants (64, 65). The 

current model for P22 assembly involves the formation of a nucleation complex consisting 

of scaffolding, coat, and portal protein monomers that oligomerize the portal ring around 

which the coat protein can assemble (Figure 1).

Portal ring assembly across bacteriophages and herpesviruses share similarities with P22, 

including the importance of scaffolding protein to portal ring formation. In phage lambda, 

the scaffolding protein GpNu3 has been implicated in the formation of portal (gpB) rings 

(14). In HSV-1 scaffolding protein (UL26.5), residues 143–151 are required for portal 

incorporation. The residues YYPGE in this region may be responsible as they are well 

conserved across alpha-herpesviruses (66, 67). On the HSV-1 portal protein, tryptophan 

residues in portal are critical to portal-scaffolding protein interactions as well as 

incorporation (68). It is possible that scaffolding protein-portal binding is driven by 

hydrophobic interactions. Some of these tryptophan residues are conserved in P22 as well, 

where they form a ring encircling the wing domain. Phi29 also has a belt of hydrophobic 

residues in the portal’s wing domain, suggesting that exposed hydrophobic residues on the 

portal wing domain may have a conserved function (43) Both SPP1 and the thermophilic 

bacteriophage G20c, a close relative of P23–45, as well as HSV-1, also feature tryptophan 

residues in the portal wing domain (Figure 2). In vitro experiments in Phi29 demonstrated 
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scaffolding protein-portal ring binding; crosslinking evidence was used to develop a docking 

model to show six scaffolding protein dimers bound to the dodecameric portal wing domain 

(38, 51, 69). This evidence suggests that scaffolding proteins in several phages rely on 

similar hydrophobic interactions with the portal wing domain. However, the interactions are 

phage specific, as in vitro experiments using T4 portal with Phi29 coat and scaffolding 

proteins demonstrated that proteins from different phages did not bind (17).

Other factors within the cellular environment may facilitate the assembly and incorporation 

of portal rings into procapsids. In T4, a phage-encoded protein (gp40) is thought to provide a 

membrane anchor for the assembly of the portal and core complex. Mutations in the 5’ 

upstream noncoding region of the portal protein can bypass the need for gp40 and increase 

the intracellular concentration of portal (34,70). This perhaps indicates that a high local 

concentration of the portal protein, facilitated by a chaperone protein, is crucial for ring 

assembly. In Phi29, in vitro portal incorporation during procapsid assembly can be achieved 

with the addition of 6% polyethylene glycol as a molecular crowding agent (50). The portal 

complex in Phi29 is also able to bind both RNA and DNA, as shown by filter binding assays. 

Although there is no evidence that this aids in complex oligomerization or incorporation into 

procapsids, it does mirror the idea that P22 mRNA could enhance portal ring assembly (71).

While work has been done to understand portal ring assembly and incorporation in 

bacteriophages, a significant amount of detail has yet to be explored. For example, the effect 

of scaffolding protein dimers on portal ring assembly has not been investigated, despite 

widely accepted evidence that P22, Phi29, and SPP1 scaffolding proteins are active for coat 

assembly as dimers or tetramers (51,72–74).

PORTAL PROTEIN STRUCTURES

A common key component of bacteriophage, herpesvirus, and adenovirus assemblies is the 

presence of a single portal complex through which DNA is packaged and ejected. Portal 

complex structures have been studied using a range of techniques, including cryoEM, X-ray 

crystallography, and mass spectrometry. Each portal ring is composed of 12 monomers 

arranged around a central pore (also referred to as a channel or tunnel), although portal 

complex masses vary greatly from 400 kDa in Phi29 to 1 MDa in P22 (75). There is also 

some variability in the oligomeric states of purified portal complexes. In P22, mass 

spectrometry and electron microscopy studies have shown that purified in vitro assembled 

portal rings consisted of 11- and 12-mers, while Phi29 and SPP1 portals are 12-mers or 13-

mers (56, 76). Image analysis and three-dimensional reconstruction of HSV-1 portal 

negative-stain and cryo-electron micrographs were used to determine that the oligomeric 

state lies between 11-mers and 14-mers, but the dodecameric form is likely incorporated into 

procapsids (77). In bacteriophages, the portal complex is always dodecameric in capsids (59, 

76, 78–83).

In addition to 12-fold symmetry, each portal complex features a central pore or channel. 

During packaging and ejection, the central pore of the portal complexes has a minimum 

diameter of 28 Å and is large enough to accommodate dsDNA (20 Å diameter) as well as 

some proteins that are packaged into procapsids (41, 84). Across bacteriophages, the internal 
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diameters of the central channels do not vary as widely as the overall sizes of the portal 

complexes, ranging from approximately 18 Å to 44 Å across the entire length of the pore 

(41, 43, 77, 84–86) (Figure 3). In P22, the only phage for which the structure of portal 

protein was determined in the procapsid and mature virion conformations (45, 84), the 

diameter of the DNA channel decreases in the procapsid portal from ~40 Å to ~25 Å (Figure 

4c–f). This suggests that residues lining the channel can make direct contact with DNA 

during packaging in the procapsid portal. Thus, the channel size may be relatively constant 

across bacteriophages due to the conserved nature of its function, with variations that depend 

more on the assembly state of the oligomer than the type of portal ring.

In short-tailed Podoviridae P22, Sf6 and T7 and the tailless phage phiX174 ejection proteins 

are expelled through the portal pore, along with DNA, to facilitate entry into the host cell by 

forming a tube that spans the bacterial membrane (87–90). In P22, the tail needle punctures 

the host cell’s outer membrane, and prior to DNA ejection, the ejection proteins (gp7, gp16, 

and gp20) exit the capsid to form subsequent parts of the transmembrane channel spanning 

to the inner membrane (88). In bacteriophage N4, astonishingly, a 3,500-amino acid phage-

encoded DNA-dependent RNA polymerase is packaged into the capsid and ejected into the 

host through the portal during infection. The diameter of the channel is likely to 

accommodate only a folded globular protein less than 10 kDa, suggesting that most of these 

proteins must unfold during ejection and then refold to perform their function in the 

infection process. Despite variation in overall size and low sequence homology, portal 

structures show remarkable structural similarity, leading to the definition of the portal fold. 

Between the portal proteins from P22, T4, SPP1, and Phi29, there is less than 12% sequence 

identity, yet each portal protomer consists of a clip (also called a stalk), a stem, and a wing 

domain, while some structures have an additional crown domain (82, 91) (Figure 4a,b).The 

portal complex from P22, as well as many P22-related Podoviridae, is unique in that it also 

has an additional 200-Å alpha helical barrel domain that juts into the internal compartment 

of the capsid (41, 84).

The Clip Domain

The clip domains, which protrude out to the capsid exterior, comprised an α/β fold (23, 82, 

84, 85, 91, 92). There is some structural variation in the clip region between phages, with 

some featuring more loop regions than others. In P22, this region of the portal protein has 

been shown to interact with the coat protein, as observed in an asymmetric cryoEM 

reconstruction (57). This region is also responsible for the large terminase binding during 

DNA packaging, as well as subsequent plug proteins and tail machinery. The plug proteins 

function to close the portal channel to prevent the accidental release of the packaged DNA as 

well as interact with proteins in the tail machinery (23, 82, 92, 93). The clip regions in the 

dodecamer impart additional stability to the overall structure (23,82,92).

In a comparison of SPP1, Phi29, and T4 portal proteins, there is significant structural 

homology as well as some conserved residues in the clip region, which have been implicated 

in terminase binding and DNA packaging. Mutations in the SPP1 clip region inhibited DNA 

packaging (94). The T4 portal clip region binds to the C terminus of the large terminase in 

order to package DNA. Mutations to the charged residues in the large terminase resulted in a 
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loss of binding to the portal complex, indicating the importance of electrostatic interactions 

both within portal and for interprotein interactions (82, 94). In Phi29, the clip region also 

comprises the binding site for the pRNA, which forms a hexameric ring around the base of 

the portal and facilitates DNA packaging (29, 43, 85). Due to its protrusion from the capsid 

interior, the clip region provides a docking site for DNA packaging complex and the tail 

machinery. Changes in the conformation of the P22 clip region are implicated in the binding 

of TerL to the procapsid state of the portal and release of TerL once DNA has been packaged 

(45). The recent 4.3Å cryoEM reconstruction of HSV-1 portal shows five tentacle helices 

extending from the outer face of the portal complex, which are proposed to be part of the 

clip domain. These helices, punctuated with disordered residues, are thought to be flexible 

and allow the portal to contact both the pentameric terminase protein and the portal cap. The 

flexibility of the structure in the clip likely allows for the intriguing symmetry mismatch 

between the 12-mer portal ring and the 5-mer terminase protein (95).

The portal is a surprisingly plastic assembly, and structural signals can be transmitted 

through the domains. In HSV-1, a predicted leucine zipper motif from residues 422–443 in 

the clip domain of the portal is important both for portal ring formation and, indirectly, for 

recruitment of the terminase complex (95). Mutations to this region demonstrate that a 

hydrophobic interface may stabilize monomer-monomer interactions. Perturbations may 

alter the portal structure in ways that inhibit binding of the terminase proteins (96, 97). A 

putative leucine zipper has also been predicted from residues 600–650 in the P22 portal 

barrel domain, but its role has not been investigated (84).

In addition to providing docking sites for other proteins, the portion of the clip region facing 

the inner channel forms the entrance to the channel. Charged residues on these loops, such 

as the well-conserved channel loop (Figure 4), have been shown to interact with DNA. 

Negatively charged aspartate and glutamate residues at the channel entrance and on the 

channel loop are required for DNA translocation in several phages, including SPP1, HK97, 

Phi29, and T4. These residues may play a role in keeping DNA centered in the channel (82, 

98). Rings of positively charged residues such as arginine and lysine are also implicated in 

DNA binding in several phages, including P22, Phi29, andT4, as well as HSV-1. Positive 

charges within the channel likely prevent backsliding during DNA translocation (84). The 

clip domain may also be important for maintaining monomer-monomer interactions. In 

Phi29 there are several hydrophobic contacts between adjacent monomers (43, 85). Thus, the 

electrostatic profile and buried hydrophobic residues of the clip domain are important for the 

functions of this domain including binding DNA packaging and tail machinery as well as 

increasing dodecamer stability (82, 84, 85, 94, 99).

The Stem Domain

Connected to the clip region is the stem domain, which comprised two well-conserved 

helices that extend into the wing domain (43, 85) (Figures 4a,b and 5). In the predicted 

herpes virus portal structure, these helices are also conserved (100). The 24 stem helices 

form the central channel in the dodecameric portal complex and have greater compression in 

the immature procapsid portal of P22 than in the mature virus conformation. This is 

reflected by a change in the angle that each helix makes relative to the 12-fold portal axis 
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that increases from 20° to 30° in the procapsid versus mature virion portal (45, 95). The 

conserved channel loop in the stem domain has been shown to be important for T4 DNA 

packaging and was hypothesized to be necessary for DNA translocation in SPP1 (98,101). 

The central channel of the portal rings is typically electronegative but contains conserved 

basic residues involved in DNA binding (82, 91, 101). In T7 and Phi29, rings of conserved 

lysine residues in the stem domain are important for DNA translocation and likely interact 

with the phosphate backbone (43, 83). In P22, five glutamate rings within the portal channel 

are thought to be important in keeping the DNA centered during packaging (84, 91). 

Likewise, HSV-1 features two rings of positively charged arginine residues in the stem 

domain, likely for DNA interaction, while the channel facing beta-clip features asparagine 

and glutamine residues in the electronegative portion of the pore, similar to P22 (95).

The Wing Domain

The adjoining wing domain shows greater structural variation between different portal 

proteins, although the core helices, which are suspected of aiding in intersubunit 

interactions, are structurally conserved in phages as well as herpesviruses (100) (Figure 5). 

The portal wing domains also likely contain the putative coat-binding region. In the T4 

portal, the wing domain N-terminal 73 residues are predicted to comprise the coat-binding 

domain of the portal complex. Deletion of the N-terminal portal residues prevents head 

assembly in T4. Thus, these wing domain residues are predicted to be important for coat 

binding and the initiation of assembly (82, 101). The N terminus, which is not resolved by 

cryoEM, is thought to be disordered and reside in a pocket between the clip domain and the 

adjacent hexamers (82). N-terminal loop regions in the stem and wing domains of the P22 

portal, from residues 41–59 and 191–217, have been proposed as the coat-binding domain as 

they change conformation upon capsid maturation (41, 56). A recent cryoEM reconstruction 

of the thermophilic bacteriophage P23–45 portal vertex in both the procapsid and expanded 

capsid forms also shows the portal N terminus in the wing domain interacting with the 

surrounding coat protein, likely through electrostatic interactions (102).

The wing domain comprises a significant portion of the portal protein monomer-monomer 

interface. Hydrogen bonding and electrostatic interactions likely stabilize the subunits, 

where net positive and net negative faces of the monomers border each other (82, 84, 85). In 

P22, positively charged lysine and arginine residues on one subunit interact with negatively 

charged aspartate and glutamate residues of the neighboring subunit. Similar monomer-

monomer interactions have been shown in Phi29 (43,85). Further evidence for the 

electrostatic stabilization of the oligomer is demonstrated by salt dependence and 

ethylenediaminetetraacetic acid requirement for dodecamer assembly, which has been shown 

in both P22 and T4 (82, 84).

P22 and HSV-1 feature cysteine residues in the portal wing domain that are important for 

portal ring formation. In P22, the mutant C283S portal forms hyperstable monomers; in 

HSV-1, C166A and C254A are both ring assembly incompetent, indicating that disulfide 

bonds may also play a role in portal ring stabilization (103, 104). The portal rings are highly 

stable once formed, and in Phi29, they require a strong denaturant, such as guanidine 

hydrochloride, in order to denature and disassemble the oligomer (71).
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The wing domain is also important for binding other proteins. The outer regions of portal 

complexes tend to be charged at the top portion of the wing/crown and clip domains, which 

may be important for contacts with the ejection proteins, terminase proteins, and plug 

proteins/tail machinery (82, 84, 85, 94, 99). This domain also contains a typtophan belt in 

P22, T4, Phi29, and HSV-1 portal proteins (Figure 3), which strengthens the hydrophobic 

core and could play a role in scaffolding protein binding during incorporation into the 

growing procapsid (51,57). The portal complex features both charged and hydrophobic 

patches that are important for specific interactions with other proteins and DNA.

The Crown Domain

The portal C-terminal crown domain, which is present in all portal protein structures except 

that of Phi29, has been implicated in interactions with the dsDNA (42). In T4, an 

asymmetric cryoEM reconstruction has been used to resolve the density for the ejection 

proteins (gp14, gp15, and gp16) that form a proteinaceous core bound to the portal crown 

domain. The tunnel created by the stack of ejection proteins is proposed to enable DNA 

spooling inside the capsid (86). In P22, the C-terminal barrel domain forms a 200-Å left-

handed coiled-coil alpha helical barrel that extends into the capsid, which is thought to 

facilitate DNA packaging and ejection to prevent tangling, as well as to provide a binding 

site for ejection proteins (84, 105).

The Barrel Domain

The barrel domain can be predicted by monitoring the coiled-coil propensity in the C-

terminal ~ 130 residues of portal protein. A survey of all sequenced P22-like podoviruses 

found that most P22-like members of this diverse family harbor a barrel, which, in contrast, 

is not found in Phi29-like phages and in T7-like phages. The barrel can also be predicted in a 

few long-tailed sipho- and myovirus bacteriophages, although with less frequency than in 

Podoviridae (41). Deletion studies found that a complete (or nearly complete) barrel is 

required to deliver the DNA inside the host, while a naturally occurring deletion of the 48 C-

terminal residues (amino acids 677–725) has no apparent deleterious effect on virus 

infectivity (59). Larger deletions of the barrel between residues 650 and 602 result in virus 

particles that package DNA efficiently but are defective in delivering DNA into the host, 

consistent with an ~ 10-fold lower phage titer (41).

Thus, portal proteins across bacteriophages maintain the portal fold, despite low sequence 

similarity, which is important for the role of the portal protein as a conduit for DNA as well 

as the docking site for tail machinery.

PORTAL AS A DNA PACKAGING SENSOR

In addition to acting as a conduit for DNA, plasticity in the P22 portal protein allows the 

protein to transmit structural signals during the packaging process. Point mutations in the 

P22 portal, including V64M and V303M, cause over-packaging of the genome, 

demonstrating that portal acts as a switch to indicate when the capsid is full. Mutations to 

the well-conserved central helices in portal may increase rigidity and retard structural 

changes that signal the end of packaging (80, 84, 106).

Dedeo et al. Page 10

Annu Rev Virol. Author manuscript; available in PMC 2020 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Structural evidence suggests that the unusual barrel domain in P22 facilitates the role in 

spooling and stabilizing the DNA within the capsid during packaging. Portal compression 

due to pressure from the packaged DNA likely induces a conformational change in the portal 

protein that signals when the head is full (41, 45, 107). Crystal structures and modeling of 

the P22 procapsid and mature virion portal complexes show a portal maturation that 

increases the central channel diameter and causes the overall structure to become more 

compact and symmetrical. The disordered C-terminal domain in the procapsid portal forms 

an alpha helical barrel in mature viron portal, suggesting that DNA plays a role in changing 

portal structure (45). Overpackaging mutants likely stabilize the procapsid form of portal, 

preventing the compression of the core region that induces the conformational change to 

mature viron portal and triggers an end to packaging (107). In an asymmetric cryoEM 

reconstruction of the P22 virion, density attributed to DNA wraps around the portal protein 

and is suggested to be involved in the signal for the completion of headful packaging (108).

In P22, the structural rearrangement of portal protein, especially in the clip region, during 

maturation as the barrel forms and is compressed is essential as it changes which proteins 

are able to bind to the portal. The P22 large terminase preferentially binds to the procapsid 

conformation of the portal, whereas the adaptor plug protein gp4 binds the mature virion 

conformation of the portal (45,109). Induced fit of the portal to the adaptor protein then 

enables subsequent binding of the plug protein gp10 and the tail only to particles that have 

encapsulated DNA (110–112). Thus, portal structural changes play a significant role in 

regulating viral maturation. The P22 portal complex undergoes conformational changes that 

allow for sequential ordering of the maturation process.

InT4, the portal clip region has been proposed to play an integral role in sensing DNA for 

both packaging initiation and completion. Mutational analysis of arginine and lysine 

residues (R338 and K342) in the tunnel entrance in the clip indicates that these residues are 

essential for genome packaging. These residues are proposed to anchor the beginning of the 

viral DNA during packaging initiation (82). Mutations in the T4 clip region result in 

packaging termination defects as well, suggesting that this region is critical for signal 

transduction between the portal and terminase proteins (94, 113). Positively charged residues 

in the T4 portal tunnel loop have been shown to stabilize DNA at the end of packaging, 

likely to prevent spilling of the DNA prior to the addition of the plug proteins (101). Thus, 

the portal protein plays an active role in all stages of the packaging process.

A recent single-molecule study on T4 DNA packaging in vitro demonstrated that portal acts 

as a fail-safe clamp to prevent DNA detachment during packaging caused by backsliding 

when the terminase motor slips. Ordyan et al. (114) demonstrate that terminase gripping on 

DNA is regulated by the nucleotide (ATP) state of the translocation motor. In conditions 

with ADP or no nucleotide, the terminase does not grip as strongly as when ATP is present. 

The portal protein acts as a clamp, however, gripping DNA regardless of the nucleotide state 

of the terminase. This indicates, perhaps, that residues in portal channel entrance or the 

tunnel loops clamp DNA, keeping it tethered to the capsid during low-gripping terminase 

states (101, 114). Similar to the P22 portal complex, electrostatic interactions and 

conformational changes in the T4 portal protein facilitate DNA packaging from initiation to 

termination.
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The Phi29 portal protein has also been shown to grip DNA through two rings of positively 

charged lysine residues (K200 and K209) in the clip region. The distance between the lysine 

rings has been calculated to be 20 Å, approximately the same distance between two 

phosphate groups in the major groove of the DNA backbone. These residues may help to 

grip the DNA to enable the pause-and-slip mechanism for DNA packaging, similar to what 

has been noted in T4 (43).

Single-molecule experiments and structural data have been used to demonstrate that the 

Phi29 portal not only grips DNA during packaging but also responds structurally. Capsid 

pressure from internal DNA affects terminase packaging rates and pausing indirectly 

through allosteric interaction between the portal/pRNA complex and the terminase 

machinery. CryoEM structures support the hypothesis that DNA contacts the portal wing 

domain inside the capsid and could induce portal and pRNA structural changes, leading to 

occlusion of the ATP binding site on the terminase and slowing packaging (115). In addition, 

DNA binding to the Phi29 C-terminal domain in the portal protein wing domain induces 

conformational changes in the channel to prevent DNA slippage prior to plug addition at the 

end of packaging (116). Similar to the processes observed in P22 and T4 portals, the Phi29 

portal protein is not a static pore but rather acts as a gauge that responds structurally to 

transmit the headful signal to other packaging components. Analogous to the Phi29 portal, 

biochemical data and cryoEM structural analysis suggest that lysine residues (K331 and 

K342) in the SPP1 portal protein interact with DNA (92, 98). Thus, the gripping function of 

these residues may be conserved across portals.

Plasticity in the portal structure is also required for DNA packaging in SPP1. Stabilization of 

adjacent α5 in the stem domain by crosslinking has been shown to inhibit DNA packaging 

but not DNA ejection, indicating that packaging requires coordinated movement between α5 

and the tunnel loops to grip the DNA, as well as to communicate with the terminase protein 

(117). Mutational evidence supports the hypothesis that portal plays a role in each step of the 

DNA packaging process (46).

Bacteriophage T7 also exhibits structural rearrangement in the portal complex that facilitates 

maturation. CryoEM reconstructions of the bacteriophage T7 procapsids and mature virions 

suggest that internal DNA pressure causes large-scale structural rearrangement of the 

internal core proteins (gp14, −15, and −16), which are bound to the portal, and compression 

of the portal toward the pentameric vertex. Further protrusion of the clip region out of the 

capsid after compression presumably triggers disassociation of the terminase and allows for 

tail attachment (118). The portal complex of the thermophilic bacteriophage, P23–45, 

undergoes the opposite transition, from a compressed to an extended conformation in the 

procapsid and expanded capsid forms. This conformational change also shows coordinated 

movement of the wing and clip domains (102). DNA packaging has long-reaching 

conformational effects across the portal protein.

HSV-1 portal protein also features a clip domain that appears to be structurally flexible as 

well as strongly positively charged. Positively charged residues likely help to grip terminal 

DNA at the channel entrance. Liu et al. (95) proposed that this region undergoes 

conformational change allowing for the propagation of the headful signal during packaging 
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as well as the switch in binding partners from the terminase complex to the portal cap 

protein. Likewise, the P22 cryoEM reconstruction also shows DNA spooled around the wing 

domain inside the capsid, suggesting that the portal complex facilitates DNA organization 

within the capsid but could also facilitate transmission of the headful signal across the 

domains (108).

Thus, the portal complex across phages plays an active role in DNA packaging, from the 

initial capture of DNA through to the attachment of tail machinery. Portals are dynamic 

pressure gauges, changing structurally due to increased pressure from DNA packaging and 

transmitting this signal to facilitate terminase complex dissociation and the subsequent plug 

and tail protein additions.

GENOME RELEASE

In addition to morphogenic changes that occur during genome packaging, further 

conformational rearrangements are induced during tail assembly and genome exit. In 

bacteriophage P22, portal conformational changes to a mature virion form that allow for the 

terminase machinery detachment and attachment of the plug proteins and tail machinery (45, 

109). In mature P22 phages, the ejection proteins localize to the portal barrel domain inside 

the capsid, priming the phage for DNA ejection (105,119). A recent cryoEM reconstruction 

of P22 virions with an amber mutation in the tail needle protein, which prevents DNA 

leakage after packaging, showed that the portal protein maintains its mature virion 

conformation after genome release from the capsid. In the micrographs, additional density 

on the tail machinery is hypothesized to be tubes composed of the ejection proteins (gp7, 

gp16, and gp20) (120). In P22, portal structural rearrangements upon maturation prepare the 

phage for genome ejection.

In bacteriophage SPP1, portal structural changes due to DNA packaging allow for the 

adapter and plug proteins to bind sequentially to the portal via electrostatic interactions (99). 

Binding of the tail needle to the host receptor causes allosteric structural changes throughout 

the tail machinery that trigger genome release (92). Exposure to the host cellular 

environment causes the reduction of disulfide bonds within the plug protein, leading to 

structural changes that open the central channel for DNA exit (92,99). CryoEM 

reconstructions of tail machinery prior to and after genome release show structural 

rearrangements that stem from the tail needle and extend through the entire portal protein, 

such that key DNA binding residues no longer jut into the channel (92). Unlike in P22, the 

SPP1 portal, therefore, is responsive not only to DNA and protein binding but also to the 

external environmental stimuli during ejection.

The portal vertex in phage lambda is unique in that it senses temperature as well as internal 

DNA pressure, ensuring that DNA ejection occurs only when host cells are replicating. At 

lower temperatures, DNA ejection times lag significantly, even in the presence of the host 

epitope, as compared to higher temperatures, despite no change in the internal DNApressure 

(47). This effect has also been noted in herpesviruses where DNA ejection occurs almost 

exclusively at 37°C (121). As well as temperature, proteolytic cleavage of the portal protein 

may enable genome uncoating in both phage lambda and herpesviruses. In HSV-1, in vitro 
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DNA ejection is correlated with low levels of portal (UL6) proteolytic cleavage, indicating 

that cleavage to just one subunit of the dodecameric complex can be destabilizing enough to 

initiate genome release (121). Conversely, in phage lambda the N terminus of the portal 

protein (gpB) must be cleaved by the lambda protease, gpC. This cleavage event does not 

affect portal incorporation or DNA packaging but is necessary for portal structural 

maturation, indicating that it is important for either the addition of the tail machinery or 

DNA ejection (15). Thus, the portal protein acts as a sensor of its environment and is able to 

transmit those signals when appropriate to release the genome into the host cell.

CONCLUSION

Despite decades of genetics work along with biochemistry and biophysics, the mechanism 

behind portal ring assembly and incorporation into procapsids is not well understood. 

Further research is required to elucidate the portal’s role in all steps of viral assembly. 

Notwithstanding the limitations in our mechanistic and structural understanding of the portal 

protein, promising research is demonstrating the potential of HSV-1 portal as an antiviral 

drug target in HSV-1 and HSV-2 in vitro using small molecules (100, 122, 123). Studies of 

bacteriophage assembly have enabled researchers to delve into more complex systems and 

may help to indicate additional targets for future antiviral therapies.
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Figure 1. 
Bacteriophage P22 assembly pathway. Coat monomers, scaffolding protein, and portal 

monomers make up a nucleation complex, forming the portal ring around which the coat 

protein shell can be assembled by scaffolding protein. The ejection proteins are incorporated 

into the procapsid prior to DNA packaging by terminase proteins. Pressure from DNA 

induces a conformational change in the capsid and portal protein facilitating the dissociation 

of the terminase complex and addition of the tail machinery.
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Figure 2. 
The tryptophan belt (red spheres) shown in portal proteins from P22 (5JJ3), Phi29 (1FOU), 

T4 (3JA7), SPP1 (2JES), G20c (4ZJN), and HSV-1 (6OD7). The portal complexes shown 

are all in the mature virion conformation. The well-conserved ring of tryptophan residues in 

the portal wing domains are important for portal interactions with scaffolding protein and 

ring assembly.
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Figure 3. 
(a) Portal ring structures from Phi29 (1FOU), SPP1 (2JES), T4 (3JA7), and P22 (5JJ3) from 

side and top views (arrows indicate internal pore diameter). (b) Chart summarizing the 

molecular weight and pore diameters of the portal complexes.
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Figure 4. 
P22 procapsid (left panel) and mature virion (right panel) portal structures. The monomers 

(a,b) have been colored by domain: barrel (blue), crown (red), wing (cyan), stem (gray), and 

clip (green). The tunnel (*) and channel (**) loops have been denoted. The top (c,d) and side 

(e,f) views of the procapsid and mature virion portal structures are shown with the hammer 

(red) and trigger loops (cyan) highlighted.
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Figure 5. 
Portal complexes from P22, SPP1, Phi29, and T4 side and top views shown as gray spheres, 

with central helices highlighted in red. The core helices are important for oligomerization as 

well as DNA ejection and the conformational changes required for the maturation and 

ejection processes.
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