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Many icosahedral viruses including tailed bacteriophages and 

herpes viruses have a unique portal vertex where a 

dodecameric protein ring is associated with a fivefold capsid 

shell. While the peripheral regions of the portal ring are involved 

in capsid assembly, its central channel is used to transport DNA 

into and out of capsid during genome packaging and infection. 

Though the atomic structure of this highly conserved, turbine- 

shaped, portal is known for nearly two decades, its molecular 

mechanism remains a mystery. Recent high-resolution in situ 

structures reveal asymmetric interactions between the 12-fold 

portal and the fivefold capsid. These lead to a valve-like 

mechanism for this symmetry-mismatched portal vertex that 

regulates DNA flow through the channel, a critical function for 

high fidelity assembly of an infectious virion. 
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Introduction 
The ‘portal’ is a key structural component of icosahedral 

viruses [1•,2–5]. It is a 12-fold-symmetric 
dodecameric protein ring inserted into a fivefold-
symmetric capsid vertex, making it the unique vertex 
of an icosahedral capsid [6–10]. In addition to 
creating a symmetry mis- match [11], this ringed 
structure provides a channel for DNA passage, for 
entry into the capsid during packaging and for exit out 
of the capsid during infection [12–17]. Hence, the 
name ‘portal vertex’. 

Despite having negligible sequence similarity, the 
portal vertex structure is highly conserved among 
viruses and ‘universally’ found among viruses from all 
three domains of life; bacteriophages (phages), 
eukaryotic (herpes) viruses [4,18] and archaeal viruses 
[19,20]. Phylogenetic analyses indicate that it is one 
of the most ancient structures, probably dating back to 
an early time in evolution when self-replicating 
entities appeared on Earth [21]. 

 

Portal vertex is the first-assembled structural unit in 
large icosahedral viruses on which the entire capsid is 
built [4,7,22,23]. In addition, the portal vertex is 
central to capsid maturation, DNA packaging [12–
15,17], and assembly of head completion or ‘neck’ 
proteins that connect the head and tail structures in 
tailed phages [3,5,24]. 

 

Portal vertex, thus, acts from the very start of virus 
assembly to the very end, and beyond when the viral 
genome is delivered into a new host cell. Therefore, it 
is expected that the portal structure would be dynamic 
and goes through conformational transitions during 
virus mor- phogenesis. Although numerous atomic 
structures of por- tal proteins from different viruses 
have been determined by X-ray crystallography and 
cryo-electron microscopy (EM)  

[21,25••,26•,27•,28,29•,30,31,32•,33,34,35•,36•,37– 
40,41••,42,43], the dynamic aspects of the portal and 
their 
relationship to function and mechanism are poorly 
under- stood and only beginning to emerge. In this 
review, we will describe the common structural 
features of viral portals, then focus on structural and 
conformational states, and finally propose a model 
for the mechanism of the portal vertex in viral 
morphogenesis. 

 

Structural features of the portal vertex 
Portal vertices are turbine-shaped oligomers composed 
of twelve subunits arranged in a dodecameric symmetry 
(Figure 1) 

[21,25••,26•,27•,28,29•,30,31,32•,33,34,35•,36•, 

37–40,41••,42,43]. The portals present in the capsid 

struc- tures are always dodecameric [1•]. However, 
some recom- binantly generated portal preparations 
do contain a mix- 
ture of different oligomers. For example, the 
recombinantly expressed Herpes simplex virus 1 
(HSV- 1) portal can form multimers of 11–14 subunits 
[18]. The portal proteins differ substantially in size, 

from 35 kDa in phage phi29 [35•,36•] to 83 kDa in 

phage P22 [32•]. However, they exhibit remarkably 
similar folds, indicat- ing their common evolutionary 
origin and functional importance (Figure 1). 
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Figure 1 

 

 

Structures of the portal assemblies from different tailed phages and herpes viruses. For each portal, the side and top views are shown with the 

subunits alternately colored green and magenta. In the case of the phage SPP1 portal, one subunit is colored black because the recombinantly 

produced portal used for structure determination was a 13-mer. The individual subunits of the portal proteins are shown in rainbow colors, ranging 

from blue at the N-terminus to red at the C-terminus. The Protein Data Bank identification numbers are shown in parentheses. 
 

 

 
The structure of a portal protein subunit can be 
subdi- vided into ‘clip’, ‘stem’, ‘wing’, and ‘crown’ domains 
(Figure 2). In addition, there are two sets of loops, 
one near the narrower entrance to the portal (‘channel 
loops’) and another at the wider end connecting the 
stem and wing domains (‘tunnel loops’), generating two 
constric- tions in an otherwise wider portal channel. 

The clip domain has an a/b fold. It protrudes at the 
capsid exterior to varying degrees during viral 
morphogenesis and provides a docking platform for the 
pentameric DNA packaging motor (‘large terminase’) 
[12–15,17] and for neck proteins [3] that assemble as a 
dodecamer/hexamer post-packaging [44,45]. In phage 
T4, the clip domain contains two positively charged 
residues that surround 
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Figure 2 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Domains of representative portal proteins from phage T4, phage T7, 

and Kaposi’s sarcoma associated herpesvirus (KSHV). The crown 

region (referred to as ‘wall’ in the case of KSHV) of each portal is 

colored orange, wing domain is green, the stem region is blue, and 

the clip region is magenta. The barrel region of the T7 portal is colored 

red. For phage T4, the capsid protein subunits associated with the 

portal at the fivefold vertex are shown in gray. For phage T7, the tail 

adaptor (‘neck’) protein attached to the portal is shown in cyan, and 

the tail nozzle protein is shown in grey. The clip domain of KSHV 

portal contains a large ~130-aa ‘turret’ insertion consisting of tentacle 

helices. The points of this unmodelled insertion are indicated by 

arrows. 
 

 
 

the portal entrance. These might be involved in 
capturing the genomic DNA end at the time of 
packaging initiation [21]. However, these residues 
are not universally con- served in other portal 
structures. 

 

The clip region of phage T4 portal also contains an 
inner channel loop pointing into the DNA-
translocation chan- nel. Mutational studies show that 
this loop might be important for function, and the 
cryo-EM structure and 

 
modelling of DNA inside the channel suggest that the 
channel loop might interact with DNA during genome 
packaging [21]. 

 

The stem domain consists of two antiparallel a-helices 
(Figure 2) that often span the thin capsid shell. Certain 
mutations in these helices affect DNA packaging, 
result- ing in overpackaging in phage P22 [46,47] and 
packaging abolition in phage SPP1 [48]. 

 

The wing domain of portal is located inside the 

capsid shell (Figure 2). It has an a/b fold that 
significantly varies in size in different viruses (Figure 1). 
However, the three wing domain helices including a long 
‘kinked helix’ located closest to the portal channel, 
are present in all the structures determined. The 
twelve wing domains of the portal dodecamer interact 
with the inner capsid surface (‘floor’) of the five major 

capsid protein capsomers surrounding the portal [25••]. 
Because of the symmetry mismatch between the 12-fold-
symmetric portal and fivefold-symmetric capsid, the 
wing domains encounter different capsid environments. 
The asymmetric recon- struction of the T4 portal vertex 
showed that the local flexible regions in the wing 
domain morph to compensate for the symmetry 

mismatch (see below) [25••]. 

The phage portals contain ~20-amino acid-long ‘tunnel 
loops’ (Figure 2), which connect the wing domain to one 
of the stem domain helices [21,28]. This loop protrudes 
into the portal channel and shows weak density in many 
portal structures probably because it is flexible and 
disor- dered (without DNA in the channel). Similar 

regions of herpes virus portals contain b-ribbons instead 

of loops [40,41••,43]. These create a constriction in the 
portal channel and its strict conservation among viruses 
impli- cates a common essential function, perhaps 
gripping DNA to prevent slipping. Mutational 
analyses showed that portals with large deletions in the 
tunnel loop could package short pieces of DNA, but 
not the complete genome because some of the last-
packaged genome leaks out generating incompletely 
packaged and non-infectious viral particles [49,50]. 

 

The C-terminal regions of the portal proteins form a-
heli- cal crowns exposed to the capsid interior 
(Figures 1 and 2). The crown region greatly varies in 
size in different viruses. It is expected to interact with 
the packaged DNA during genome translocation, and 
might act as a gauge to sense the amount of DNA 

pumped into the capsid [32•]. In phages containing 
internal cores (phage T7), the portal crown provides 

an attachment site for the core [27•]. 

The phage P22 portal contains an unusually long ~200-

A˚ helical barrel [32•,33] (Figure 1), which is located 
on top of the crown and protrudes almost to the center 
of the mature capsid. However, this barrel is 
disordered in the P22 procapsid. The barrel probably 
helps to organize the 
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packaged DNA inside the capsid and may serve as a 
pressure gauge. Mutants with a shortened barrel 
produce properly assembled but noninfectious virions, 
indicating that the barrel is important to direct DNA 
delivery during phage infection [33]. 

 
Finally, phage and herpes virus structures show a ring 
of DNA density around the portal wing domains 

[41••,51]. This might represent one of the two ends of 
the packaged DNA that may be located in proximity to 
each other at the portal entrance [52,53]. Since the 
last packaged DNA is expected to be inside the 
portal channel, it is likely that the DNA encircling 
the portal belongs to the first pack- aged DNA that 
gets anchored to the portal. 

 

Portal structural and conformational states 
Local quasi-fivefold symmetric components 

Although most of the reported portal structures 
display 12-fold symmetry, certain conformational 
snapshots of portals from viruses such as phage P22 

[32•] and HSV- 1 [41••] include a quasi-fivefold 
symmetric component. The clip region of the P22 
procapsid portal that also provides an interacting 
surface for attachment of the DNA packaging large 
terminase motor exhibits quasi- fivefold symmetry 

[32•]. Since the packaging motor is likely a pentamer 
[12,54,55], this asymmetric procapsid portal 
conformation might be important for efficient motor 
assembly and DNA translocation. Consistent with this 
hypothesis, strikingly higher binding affinity was 
observed for binding of the large terminase protein to 
P22 procapsid portal when compared to its binding to 

the 12-fold-symmetric mature virion portal [32•]. 
 

The in situ cryo-EM reconstruction of HSV-1 virion 
portal vertex shows ‘tentacle’ helices inserted into the 

portal clip domain [41••]. These helices adopt a quasi-
fivefold symmetric arrangement, extending the clip 
region and forming a helix tunnel around the 
packaged DNA. It was postulated that these helices 
might provide an interacting surface for the packaging 

motor [41••]. In the mature virion, some of the 
tentacle helices interact with the fivefold capsid-
penetrating triplex Tri1 protein and the pseudo-
fivefold symmetric portal cap that seals off the 
packaged head. Notably, this connector complex 
struc- ture is distinct from that in tailed phages where a 
12-fold- symmetric neck protein structure assembles 
on the portal after packaging termination. 

 
It is not clear if similar portal asymmetries are a 
common feature among viruses because they have not 
been found in other phage portal structures. For 

instance, in phage f29, one of the best studied phages 
where the in situ structures of portals from procapsid, 
mature virion, and genome-emptied virion have been 

determined [35•], no quasi-fivefold symmetric regions 
have been found in the portal assembly. 

 

Symmetry mismatch accommodation at the portal- 

capsid interface 

A severe symmetry mismatch exists between the 
dode- cameric portal and the fivefold capsid vertex. 
High-reso- lution in situ structures of the portal 
vertices that can resolve portal-capsid interfaces are 
required to reveal the mechanism by which this 
symmetry mismatch is accom- modated. However, 
this has been challenging, despite the profound 
developments in cryo-EM, mainly due to diffi- culties 
in data processing and flexibility in portal-capsid 

interfaces [25••]. 
 

To date, in situ portal vertex structures are available 

for T4, P23-45, and P68 phages [25••,29•,39], and for 

HSV-1 [41••]. Among these, the portal vertex 
structure of T4 shows relatively detailed structural 

information on the portal-capsid interface [25••] 
(Figure 3a–g). In this struc- ture, flexible components 
in the portal periphery display large conformational 
variations among the portal subunits (Figure 3b–g), 
whereas the capsid protein structures remain nearly 
unchanged when compared to their coun- terparts at 
the other icosahedral vertices. The flexible 
components include: the hairpin Arg185-Glu204, the 
loop Asp209-Lys227, and the N-terminal ‘whisker’ 
Met1-Leu6 (Figure 3c–g). Despite the severity of the 
symmetry mismatch, nearly identical interactions 
between different portal subunits and the surrounding 
capsid protein mole- cules can occur repeatedly 

[25••]. For example, the N- whiskers of portal subunits 
1 (p) and 6 (p + 5) attach to two fivefold-symmetry-
related points in the capsid by forming potential 
methionine-metal clusters with the capsid pro- tein 
subunits (Figure 3a, f & g). In addition, similar charge 
interactions occur between fivefold-symmetry-related 
points in the capsid and portal subunits that has a 
subunit number relationship of p, p + 5, and p + 7. This 
is because the portal subunits having such numerical 
relationships face similar capsid environments rotated 

by either +60 or 
-60 due to the 12-fold symmetry of the portal and the 
fivefold symmetry of the capsid. The phage T4 
portal uses the flexibility of the aforementioned 
peripheral components of the wing domains to 
morph locally and accommodate the symmetry 
mismatches while maintain- ing the 12-fold 
symmetry in the rest of the structure. As the 
symmetry of the portal and the capsid are strictly 
conserved, and the flexible components in the 
portal- capsid interface have been observed in both the 
in situ and 12-fold averaged portal vertex structures 

of many other phages and viruses [1•,2,3,5,56], a 
similar structural morphing mechanism might be in 
operation for symmetry mismatch accommodation. 

 

Portal conformations 

Recent structures reveal two conformational states of 
the portal: ‘closed’ and ‘open’. In the thermophilic phage 

P23-45 [29•] and its close relative G20c [30], the 
diameter of the tunnel, the most constricted section of 

the portal channel, is ~22 A˚ in the open state and 

~14 A˚ in the 

http://www.sciencedirect.com/


Structure and mechanism of viral portal vertex Rao, Fokine and Fang  69 

www.sciencedirect.com Current Opinion in Virology 2021, 51:65–73 

 

 

 

 
 

Figure 3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Symmetry mismatch accommodation in the portal-capsid interface of phage T4. (a) The flexible components of the portal subunits that make 

contacts with the capsid and their surrounding capsid environment. The capsid proteins are colored in pink, cyan or gray. The five surrounding 

capsid protein subunits (pink) are labeled as ‘S’ subunits and the five that are more distant to portal (cyan) are labeled as ‘D’ subunits. The portal 

subunits are shown in both surface view and ribbon diagram and labeled 1-12. The surface view is shown semitransparently. Alternate portal 

subunits are colored in blue or orange. For the portal subunits, only the regions that make contacts with the capsid are shown. The potential 

methionine-metal clusters that anchor the portal to the capsid are indicated using red arrows and the corresponding portal subunits are labeled as 

p (subunit 1) and p+5 (subunit 6). (b–e) Superimposition of the twelve portal subunits showing high conformational variations in their capsid- 

interfacing regions. (f, g) The potential methionine-metal clusters form between the N-whisker methionine (M1) of portal subunits p (subunit 1) or p 

+5 (subunit 6), and methionines M98 and M284 and histidine H282 of the capsid protein subunits. The figure is adapted from Fang et al. [25••]. 
 

 
 

 
closed state (Figure 4a). The open state is found in the 
in situ cryo-EM structure of the procapsid whereas the 
closed state is found in the crystal structure of the free 
portal. Modeling suggests that movements of portal’s 
crown and wing domains can cause further 
constriction of the tunnel during which the tunnel 
loop and the kinked helix connected to it are 

remodeled [29•]. With the result, the diameter of the 
tunnel changes and the tunnel loop 

 
surface switches from exposing hydrophilic residues 
in the open state to one exposing hydrophobic 

residues in the closed state [29•]. 
 

Narrowing and widening of the tunnel has also been 
observed in the portal structures of other phages 

includ- ing T7 [26•,27•], f29 [35•], and P22 [32•]. In 
T7, major conformational differences were reported 
in the kinked 
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Figure 4 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The Open and Closed conformational states of the portal. (a) The 

open states of the portals of thermophilic bacteriophage P23-45 (PDB 

ID: 6QJT) [29•] and phage T7 (PDB ID: 7BP0) [27•]. (b) The closed 

states of the portals of phage G20c (PDB ID: 6IBG) [31] and T7 (PDB 

ID: 7BOU) [27•]. 
 

 
 

helix-tunnel loop motif of two recombinant portal 
struc- tures [26•]. The tunnel widening seen here is 

extraordi- nary, from ~23 A˚ to ~53 A˚ . Docking of 
these structures into relatively low-resolution capsid 
structures showed 
that the closed state corresponded to the portal in the 
procapsid and the open state to the mature virion 

[26•]. However, different results were obtained when 
the struc- tures were determined by in situ cryo-EM 
reconstruction 
of portals present in the empty capsid and mature 

virion [27•]. Here, the tunnel diameter is ~28 A˚ in the 

open state found in the empty capsid and ~22 A˚ in 
the closed state found in the mature virion (Figure 
4b). These differences suggest that the portal 
conformations, and in turn the 
tunnel diameter, might be affected by sample 
preparation 
and/or portal’s association with other capsid 
components. However, a theme that is emerging from 
the above studies is one of a dynamic portal 
potentially having the ability to open and close the 
portal channel through movements of its domains, 
particularly the wing and crown domains that are in 
close contact with the capsid and the packaged DNA. 

 

A model for the mechanisms of the portal 
vertex 
It is remarkable that a single molecule, the portal 
protein, plays such key and diverse roles in capsid 
assembly, motor assembly, genome packaging, neck 
assembly, and infec- tion. It interacts with the major 
capsid protein and the scaffolding protein during 
capsid assembly, with the large terminase motor and 
the DNA during packaging, and with the head 
completion proteins during neck/tail assembly 

[1•,2,3]. Although the mechanisms still remain a 
mystery, a plausible model is emerging, however 
speculative. 

 
A dodecameric portal, the first viral structure to be 
assem- bled, initiates capsid assembly [4,22,23]. The 
number of portals assembled, and kinetics of their 
assembly appear to be critical and tightly controlled, 
assisted by portal protein’s interactions with the 
membrane, chaperone(s), and other host/viral 
components [57,58,59]. These have been documented 

in mutational studies of various phages [1•,23]. For 
instance, in T4, if the portal is missing during 
infection, icosahedral assembly is aborted, leading to 
accumulation of tubular polyheads after a lag period 
[23,60]. 

 

The in situ structure of the T4 capsid-portal interface 
suggests that the N-terminal whiskers of the portal 
might capture the gp23 major capsid protein 
molecules through formation of methionine-metal 

clusters [25••]. In the in situ structures of phage T7 

[27•] and P22 capsids [61], density corresponding to 
the helix-turn-helix domain of the scaffolding protein 
is visible underneath the wing domains of the portal 
vertex suggesting that these might be the sites that 
bind the scaffolding protein subunits. The portal-
capsid protein-scaffolding protein complex thus 
formed might serve as a nucleator and direct the 
newly synthesized major capsid protein and 
scaffolding protein subunits into correct icosahedral 
assembly path- ways by co-assembling the shell 
around the scaffolding core. 

 
Following shell assembly and maturation, freed from 
scaffold interactions when the scaffolding protein 
either leaves (e.g. P22 [62]) or is degraded (e.g. T4 
[63]), a conformational change likely occurs in the 
portal that allows docking of a pentameric packaging 
motor-DNA complex at the exposed clip region to 
initiate DNA translocation. Although low resolution 
structures are available for this complex, the nature of 
this symmetry- mismatched interface and the residues 
involved in the portal-motor interactions are yet 
unknown in any viral system [55,64]. The packaging 
force generated by the motor during DNA 
translocation and the residence of the newly packaged 
DNA near the portal vertex might alter its interactions 
with the capsomers, triggering capsid expansion that 

results in ~50% increase in the capsid volume. 
Expansion also greatly stabilizes the capsid structure 
[23,65] (Fang et al., unpublished). 

 

Demonstration in several phages that the portal vertex 
exists in ‘closed’ and ‘open’ conformations implicates a 
‘valve-like’ function for the portal channel. This might be 
required for DNA translocation, packaging 
termination, and neck assembly. It is clear from the in 
situ structures that re-modeling of the kinked helix 
and the tunnel loop can lead to various degrees of 
constriction of the portal tunnel. There is also a 
second constriction at the portal entrance which might 
also function as another valve, connected to the tunnel 

valve through two long stem helices [21,25••]. This 
means that DNA movement 

(a) Portal of phage 23-45 Portal in empty capsid of phage T7 

22 Å 28 Å 

(b) Portal of phage G20c Portal in mature virion of phage T7 

14 Å 22 Å 
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through the portal channel can be regulated at both 
ends of the portal, at the entrance of the portal 
where it is connected to the packaging motor and at 
the exit where it is in contact with the capsid and the 
packaged DNA. 

 

This establishes a mechanism of communication 
between the capsid exterior where the force generated 
by the motor translocates DNA into capsid and the 
capsid inte- rior where internal pressure builds as 
genome gets pack- aged [66–68]. This might be the 
key function of the portal; controlling the flow of the 
viral genome using a two-valve system regulated by 
signals received at each end through its interactions 
with the motor, the capsid, and the packaged DNA. 
The portal’s crown, wing, and clip domains serve as 
sensors that generate the signals while the stem 
helices transmit the signals between the inside and the 
outside of the capsid. This would explain a number of 
portal’s roles reported over the years through 

mutational, biochemical, and structural studies [1•,2]. 
These include: sensing and altering the fullness of the 
packaged head [47], regulation of the motor velocity, 
headful termination of packaging, DNA retention 
in the pressurized head, and attachment of the neck 
proteins [69,70]. 

 
Perhaps the best evidence for a dynamic valve is the 
closing of the channel when the head is full. The in 
situ structures indicate that the internal pressure of 
packaged DNA presses the portal downwards 

[27•,29•,35•], a signal to close the valve, disengage the 
motor, and not allow the packaged DNA to leak out. 
The detached large terminase motor can now make the 
packaging termination cut and is free to engage the 
newly generated DNA end with another empty capsid 
to continue processive packaging. At the same time, 
the exposed clip region provides sites for attachment 
of the neck proteins that seals off the packaged head 
[3,5]. This is perhaps one of the most vulnerable 
stages of virus assembly, hence these dynamic 
transactions must be orchestrated at a fast timescale 
such that the packaging arrest, termination cut, and 
sealing of the packaged head occur hand in hand, 
without any genetic information leaking out. 
Otherwise, escape of even a few nucleotides of 
packaged DNA could lead to generation of non-
infectious virions. 

 
Another key function of the proposed ‘portal valving’ 
might be to coordinate the packaging machine during 
DNA translocation. Dynamic movements of portal 
domains can allow unrestricted DNA flow when the 
motor ATPases fire and restrict it when the motor sub- 
units take turns in between firings to prevent DNA 
slippage [55], or regulate motor velocity in coordination 
with the kinetics of DNA organization inside the 
capsid, or help adjust the packaging machine force with 
increas- ing internal pressure during head filling [69,70]. 
These dynamic movements, especially of the crown and 
wing domains, might be supported by the observed 
morphing 

 
of the portal-capsid interface regions as well as the 
flexibility to tilt the portal disk through adjustment of 

portal’s interactions with the capsid floor [25••]. 
 

The above working model thus serves as a framework 
to deeply analyze the portal functions at various 
stages of virus morphogenesis. 

 

Conclusions 
A wealth of atomic level information is now available 
on viral portal structures from a variety of phages and 
herpes viruses that point to a common functional 
theme. The more recent in situ structures point to a 
highly dynamic portal that is engaged in sensing and 
coordinating various aspects of virion assembly 
through interactions with other structural components. 
A working model is emerging in which the surface 
regions of the portal regulating virus assembly while 
the internal regions regulate genome packaging, 
through concerted movements of various por- tal 
domains. The proposed portal valving mechanism that 
can regulate DNA flow into and out of the virus 
capsid might turn out to be a necessary function for 
the survival of most icosahedral viruses, and is likely 
recapitulated in other biological systems. Future 
structural and single- molecule studies combined with 
biochemical and molec- ular genetic approaches 
should be able to tease out the details of the 
mechanism and lay out the complete picture of this 
remarkable nanomachine. 
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