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The vaccinia virus A56 protein was one of the earliest-described poxvirus proteins with an

identifiable activity. While originally characterized as a haemagglutinin protein, A56 has other

functions as well. The A56 protein is capable of binding two viral proteins, a serine protease

inhibitor (K2) and the vaccinia virus complement control protein (VCP), and anchoring them to the

surface of infected cells. This is important; while both proteins have biologically relevant functions

at the cell surface, neither one can locate there on its own. The A56–K2 complex reduces the

amount of virus superinfecting an infected cell and also prevents the formation of syncytia by

infected cells; the A56–VCP complex can protect infected cells from complement attack. Deletion

of the A56R gene results in varying effects on vaccinia virus virulence. In addition, since the gene

encoding the A56 protein is non-essential, it can be used as an insertion point for foreign genes

and has been deleted in some viruses that are in clinical development as oncolytic agents.

Introduction – the A56 protein

Orthopoxviruses are some of the most complex viruses
infecting humans and include variola virus, the causative
agent of smallpox, and vaccinia virus (VACV), which is
used as a live vaccine. Although smallpox has been
eradicated, VACV is still studied as a model organism to
understand basic aspects of pox virology, as a vaccine
vector for immunizations against other infectious agents
and for oncolytic cancer therapy. It is also studied because
human infections with zoonotic poxviruses like monkey-
pox virus still occur. While VACV is a large virus,
containing a genome of nearly 200 kbp that encodes more
than 200 proteins, the genome is still small compared with
that of the host cell. For this reason, VACV encodes a
number of multi-functional proteins, one of which is A56.
The A56 protein is able to bind two other viral proteins, a
serine protease inhibitor (K2) and the vaccinia virus
complement-control protein (VCP), and express them at
the surface of the infected cell. The A56–K2 complex binds
to the entry–fusion machinery of VACV; this reduces
superinfection and prevents cell–cell fusion of infected
cells. The A56–VCP complex protects infected cells from
complement attack and contributes to viral virulence.
These complexes were only discovered recently, but
the history of A56 protein extends much farther back in
time.

The A56 protein was one of the first VACV genes to be
identified and studied (Nagler, 1942). This was because
what is now called the A56 protein had haemagglutination
activity; it was called VACV haemagglutinin (HA) from the
1940s until near the end of the 20th century. The presence
of a VACV protein with HA activity was believed to be
important because several other viruses such as influenza,
measles and mumps viruses contained proteins with HA
activity. However, unlike these other viral envelope
proteins, which were important for viral entry, a biologic-
ally relevant function could not ultimately be ascribed to
the VACV HA activity. Nevertheless, the HA activity of
poxviruses allowed the classification of poxviruses into
those that had HA activity and those that did not.
Members of the orthopoxvirus genus were the only ones
that had HA activity (Fenner et al., 1988). Furthermore,
haemabsorption and HA-inhibition assays were early
methods used to differentiate between various orthopox-
viruses and variola virus isolates from various parts of the
world (Fenner et al., 1988). Later, when the protein (now
called ‘A56’) and the gene (designated ‘A56R’ but also
designated VACWR181 in VACV strain WR) responsible
for this activity were first identified (Ichihashi, 1977; Shida,
1986a), the A56R ORF was used to build phylogenetic trees
that showed the genetic relationships between the members
of the genus Orthopoxvirus (Hutin et al., 2001).
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The ability to track the protein by its haemagglutinating
activity also provided a means to show that the protein is
found on the cell membrane of the infected cell (Blackman
& Bubel, 1972), but not on mature virus (MV), the most
abundant form of virus made during an infection (Fig. 1).
While the protein is not found on MV, it is present on
another infectious form of virus called the extracellular
virus (EV) (Payne & Norrby, 1976). The EV is critical for
the efficient spread of the virus in vitro and in vivo.
However, unlike the other glycoproteins found on EV, the
A56 protein has considerably more sequence variability
between different orthopoxviruses. This may be because,
unlike the other EV glycoproteins, A56 is not essential for
formation of the EV. As mentioned earlier, this sequence
variability, initially recognized in HA-inhibition assays,
made A56R a useful ORF for building phylogenetic trees.

Based on the A56 protein sequence, the calculated
molecular mass of the protein is ~35 kDa, but the protein
contains putative sites for both N- and O-glycosylation and
runs at an apparent molecular mass of 85 kDa when
measured by SDS-PAGE (Brown et al., 1991; Payne, 1992;
Shida & Dales, 1981). Thus, A56 is heavily glycosylated and
this glycosylation is linked to its HA activity. The positions
of the five predicted N-linked glycosylation sites are shown
in Fig. 2. Blocking N-linked glycosylation with tunicamycin
results in an apparent molecular mass of 62 kDa and this
moiety retains its HA activity. In the presence of
tunicamycin, A56 is still able to incorporate labelled
glucosamine, confirming that the protein also undergoes
O-linked glycosylation. Because HA activity is lost when
the protein is completely deglycosylated, this implies that
O-linked glycans are involved in the HA activity (Shida &
Dales, 1981). A prior review on A56 by Hisatoshi Shida
(Shida, 1989) pointed out that A56 was the first viral

protein shown to be O-glycosylated, and that this protein
provided additional evidence that O-linked glycosylation
occurs as a protein transits through the Golgi apparatus
(Shida & Dales, 1981; Spiro, 1966). There are predicted to
be as many as 23 O-linked glycosylation sites, which all fall
between residues 149 and 255 (with 20 falling between
residues 175 and 230). The heavy glycosylation of the A56
protein may be the reason why anti-A56 antibodies cannot
neutralize EV or protect from infection (Galmiche et al.,
1999; Pulford et al., 2004). Interestingly, completely
unglycosylated A56 protein migrates with an apparent
molecular mass of 58 kDa; this is different from the 35 kDa
calculated from the sequence of the ORF (Shida, 1986b).
Shida pointed out that this discrepancy is not because of
other post-translational modifications, because in vitro
translation of the A56 ORF resulted in a protein that
migrated at ~60 kDa (Shida, 1989). Thus, this is a clear
example of a difference between predicted and observed
molecular masses, which are known to occur. Additionally,
the A56R gene has two separate promoters for early and
late gene expression. Interestingly, late expression also
produces a smaller, 68 kDa form of the protein (Brown
et al., 1991), although the biological significance of this
smaller protein is not known. Both the 85 and 68 kDa
forms of the protein can be seen by using Western blotting
at late time points.

A schematic diagram of the A56 protein is shown in Fig. 2.
The ~100 aa N-terminal region of A56 (after the signal
sequence) has sequence similarities with the immunoglob-
ulin (Ig) superfamily. This region of the protein is more
highly conserved among orthopoxviruses than the rest of the
A56 ectodomain (Aguado et al., 1992; Cavallaro & Esposito,
1992). In this Ig domain, it was hypothesized that the two
cysteines in the ectodomain form an intramolecular

Fig. 1. Diagram of the location of the A56
protein in a VACV-infected cell. A56, K2 and
VCP all have signal sequences that result in
their being trafficked through the endoplasmic
reticulum (ER). Presumably, initial protein–
protein interactions take place here, followed
by movement through the Golgi apparatus and
to the plasma membrane. As a transmembrane
protein, A56 is found on the surface of the
infected cell, where it is present as a monomer,
as well as in complex with the K2 protein and
with VCP. Since A56 is also one of the
glycoproteins found on the extracellular virus
(EV), the A56–K2 complex (and probably the
A56–VCP complex) is also expressed on the
EV outer membrane. EV is formed by a small
portion of MV interacting with the Golgi
apparatus or endosomal membranes, where
the MV picks up an additional membrane that
contains an additional set of membrane
proteins, including A56.
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disulfide bridge (Jin et al., 1989). Following on from this,
modern computer modelling of this portion of the A56
protein supports formation of an Ig domain structure,
shows the first two cysteines of A56 to be in close proximity
and predicts that these cysteines form an intramolecular
bond (Fig. 3). While not experimentally proven, but based
on phenotypes of mutated viruses, the Ig domain may be
involved in the observed cell–cell fusion regulatory activity.
An analysis of VACV mutants produced by chemical
mutagenesis (Shida & Matsumoto, 1983) revealed that the
cell–cell fusion regulatory properties and haemabsorption
properties of the A56 protein are separate (Seki et al., 1990).
While A56R gene-knockout viruses cannot perform either
function, one point mutant (Glu121 to Lys) was found to be
HA negative but could still prevent syncytia formation. Since
the exact mechanism of haemagglutination is not known, it
is difficult to speculate as to why this mutation causes a loss
of activity, especially when the O-linked glycosylation was
linked to HA activity. Additionally, a virus containing a
Cys103 to Tyr mutation did not have HA activity or the
ability to prevent syncytia formation. As discussed earlier,
this cysteine is predicted to form an intramolecular disulfide
bond (Figs 2 and 3), so this mutation is likely to destabilize
the entire domain, resulting in an abnormally folded protein
that has been reported to make it to the cell surface, but
which does not have HA activity or prevent syncytia
formation (Seki et al., 1990). As discussed later, a third
cysteine at position 162 (just before the first tandem repeat)
has recently been shown to form a disulfide bridge with VCP
(DeHaven et al., 2010). Between the Ig domain and the
transmembrane domain there are two tandem-repeat
motifs, which start near residue 170 and continue until
residue 240 (Jin et al., 1989). These repeats, which are
predicted to be heavily modified by O-glycosylation, do not
share sequence similarity with other proteins. While the
functions of the tandem repeats in the A56 protein are

unknown, tandem repeats are often important in protein
structure and function. The transmembrane domain, which
anchors the protein in membranes, has been implicated as
an important domain that results in A56 interacting with the
F13 protein (also called VP37) (Oie et al., 1990). Since the
F13 protein is a key protein in the formation of EV (Blasco &
Moss, 1991), F13 may help direct the incorporation of A56
into the EV envelope. A short intracellular domain of ~12 aa
that is present at the C terminus of the protein may be
responsible for trafficking A56 protein out of the endoplas-
mic reticulum (ER) and into the Golgi apparatus (Shida &
Matsumoto, 1983). Analysis of a panel of viruses with
various HA and syncytia-inducing phenotypes revealed that
an A56 protein lacking the cytoplasmic tail was transported
from the ER to the Golgi apparatus more slowly but could
still make it to the plasma membrane, while a protein with
an aberrant cytoplasmic tail [owing to an upstream
nucleotide insertion(s)] interfered with transport of the
protein out of the ER.

A56 protein inhibits spontaneous cell–cell fusion
of VACV infected cells by forming a complex with
K2

The ability to haemagglutinate was not the only early
function ascribed to A56. Cells infected with certain strains
of VACV can result in cell–cell fusion, and in 1971 this was
directly linked to a lack of A56 protein (Ichihashi & Dales,
1971). Interestingly, the loss of another viral protein, K2,
also causes infected cells to fuse. This was reported by three
different groups in 1992 (Law & Smith, 1992; Turner &
Moyer, 1992; Zhou et al., 1992). Recently, it has been
shown that the A56 and K2 proteins form a complex on the
surface of infected cells, and that this complex is
responsible for preventing syncytia formation (Turner &
Moyer, 2006). The K2 protein is also found on EV

Fig. 2. Schematic map of the domains of the
A56 protein. After a cleaved signal sequence
(aa 1–16), there is an Ig domain (aa 17–105),
which includes a predicted intramolecular
disulfide bridge (between cysteines 34 and
103), a stalk region (aa 121–275) containing
tandem repeats (aa 170–240, striped boxes)
that are highly modified by O-linked glycosyla-
tion, a transmembrane domain (aa 276–303,
white box), and a short cytoplasmic tail
(aa 304–315, grey box). The Ig domain is
believed to be involved in binding the K2
protein. Cysteine 162 forms a disulfide bridge
with the free N-terminal cysteine of VCP. Also
shown are the approximate locations of the
predicted N-linked glycosylation sites (grey
lollipops) at aa 37, 69, 112, 161 and 254.
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particles, as observed by electron microscopy and proteo-
mics studies (Brum et al., 2003; Manes et al., 2008). K2,
also known as serine protease inhibitor (SPI)-3, is one of a
family of poxvirus proteins that share sequence similarities
with serpin proteins (Boursnell et al., 1988). K2 protein
(SPI-3) has in vitro protease-inhibition activity (Turner
et al., 2000; Wang et al., 2000), but this activity is not
related to its ability to prevent syncytia formation (Turner
& Moyer, 1995). While regions of K2 that are important for
its interaction with A56 have been identified (Turner &
Moyer, 1995), the domain of A56 that interacts with K2 has
not been identified. In a transient transfection system, A56
mutated at either Cys34 or Cys103 was able to be expressed
on the cell surface (and bind VCP) (DeHaven et al., 2010)
but could not bind K2 (B. C. DeHaven & S. N. Isaacs,
unpublished), again implying that the Ig domain is
involved in interacting with K2.

The mechanism by which the A56–K2 complex inhibits
spontaneous fusion of infected cells was not clear until the
discovery that the virus encoded a multi-subunit entry
fusion complex (EFC), which was found on the MV
membrane (Senkevich et al., 2005), interacted with the
A56–K2 complex (Wagenaar & Moss, 2007). It was further
shown that the A56–K2 complex interacts directly with the
A16 and G9 proteins, two of the proteins that are part of
the EFC (Wagenaar et al., 2008). This finding led to the
hypothesis that the A56–K2 complex on infected cells
could prevent reinfection of already infected cells (Moss,
2006). Support for this hypothesis was obtained experi-
mentally when recombinant VACVs with deletions of one
of the genes encoding the A56–K2 complex were used to
infect cells, followed by superinfection with VACV carrying
a luciferase reporter gene. Superinfection of cells that were
infected by wild-type virus expressing the A56–K2 complex
had significantly lower luciferase levels than cells infected
with a virus expressing a mutated A56–K2 complex
(Turner & Moyer, 2008). It has also been shown that
transfecting the A56R and K2L genes into cells is sufficient
to diminish both infection and virion induced cell–cell
fusion (Wagenaar & Moss, 2009). Antibodies against either
the K2 (Turner & Moyer, 2006, 2008) or A56 proteins
(Wagenaar & Moss, 2009) increase the amount of super-
infection and cell fusion seen. This may be because of the
antibodies either blocking the A56–K2 complex from
interacting with the MV EFC or perhaps by causing the
displacement of K2 from A56, rendering the complex non-
functional. Since syncytia formation of infected cells is
mediated by EV, it appears that the A56–K2 complex is
inhibiting syncytia formation by ‘inhibiting’ EV re-entry
into an infected cell. This would occur first by the non-
fusogenic dissolution of the EV outer envelope (Law et al.,
2006) that exposes the EFC machinery on the MV, and then
entry into an already infected cell is inhibited by engagement
with A56–K2. Many other viruses have evolved mechanisms
to prevent superinfection prior to entry (Berngruber et al.,
2010). For example, the influenza neuraminidase protein
cleaves the entry receptor as new virus is released, preventing

Fig. 3. Predicted structure of the N terminal region of the A56
protein and homology modelling of the Ig domain of A56.
Predicted beta sheets are coloured yellow and predicted alpha
helices are coloured red; random coils are coloured green. The
predicted disulfide bridge between cysteine residues 34 and 103
is indicated by orange spheres. A buried tryptophan residue at
aa 29 that is conserved among IgG-like domains is coloured blue.
Outside of the model of the Ig domain, the unpaired cysteine at
aa 162 is shown. The IgG-like domain of A56 was used as a
query sequence for five iterations of PSI–BLAST (Altschul et al.,
1997) searching of the National Center for Biotechnology
Information (NCBI) RefSeq database (Pruitt et al., 2007). A large
number of proteins with sequence homology were identified; the
best scoring protein from this query for which an atomic structure
has been determined is the T-cell-receptor alpha-chain IgG
domain from CF34 [PDB 3FFC, chain D (Gras et al., 2009)], with
an E score of 9.02�10”27 and 22 % sequence identity. The A56
sequence was threaded onto this three-dimensional structure
using the homology modelling program MODELLER 9v8 (Eswar
et al., 2006). The resulting model was then energy minimized by
using the program CNS version 1.3 (Brünger et al., 1998). The
overall quality of this minimized model was evaluated using the
MOLPROBITY server (Chen et al., 2010). It was found that 98.9 % of
the residues resided in the allowable regions of a Ramachandran
plot and had overall root-mean-square deviations for bonds and
angles of 0.004 and 0.671, respectively. The model was rendered
using the program PYMOL.
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superinfection (Huang et al., 2008), while retroviruses can
downregulate entry receptors (Lindwasser et al., 2007;
Wildum et al., 2006). Other viruses, such as vesicular
stomatitis virus, prevent superinfection by slowing endocy-
tosis of new virus (Simon et al., 1990). Thus, while other
viruses prevent superinfection prior to entry, none uses a
mechanism that actually interferes with their own entry
proteins, as in the case of orthopoxviruses.

The A56–K2 complex on the surface of infected cells
prevents superinfection by incoming MV particles. This
should not be confused with the ability of another set of
poxvirus proteins (A33 and A36) on infected cells that
repel EV away from newly infected cells (Doceul et al.,
2010). By repelling EV away from a newly infected cell,
virus spread to distant uninfected cells is enhanced. Thus,
in VACV a means has evolved to prevent or at least reduce
superinfection by MV and EV prior to virus entry. Given
the vital role that EV plays in the spread of virus in vitro
and in vivo, we postulate that the repulsion of EV away
from newly infected cells has a more important function
than the A56–K2 complex preventing superinfection by
MV. However, the A56–K2 complex may play a valuable
role early in the initial spread of virus away from the very
first cells infected.

The interaction of A56 and K2 has been shown to occur in
VACV and cowpox virus (CPXV), and homologues of both
proteins are present in all sequenced members of the genus
Orthopoxvirus. There was a curious report of an ectromelia
virus (ECTV) that caused syncytia formation despite the
presence of the ECTV homologues of A56 and K2 (Erez
et al., 2009). However, cell–cell fusion is a complicated
process, and other factors may be at work. The phenotype
described for this ECTV might be explained by the
presence of mutations in other viral genes. Also of note
is that Chang et al. have recently shown that MV surface
proteins A25 and A26 are fusion suppressors (Chang et al.,
2010). They found that mutated VACVs that contain
deletions of these proteins cause spontaneous fusion at
neutral pH. This may explain the syncytia-forming
phenotype reported by Erez et al. (2009).

Cell surface expression of VCP through
interactions with A56

K2 is not the only viral protein that directly interacts with
the ectodomain of the A56 protein. Recently, a new
interaction was discovered between A56 and VCP. VCP is a
35 kDa soluble protein that was previously characterized as
being the major secreted protein from VACV-infected cells
(Isaacs et al., 1992; Kotwal & Moss, 1988; Kotwal et al.,
1990). VCP has the ability to inhibit several steps of the
complement cascade (Bernet et al., 2004; Kotwal et al.,
1990; Liszewski et al., 2006, 2009; McKenzie et al., 1992;
Miller et al., 1997; Mullick et al., 2005; Rosengard et al.,
1999, 2002; Sahu et al., 1998; Sfyroera et al., 2005).
Research has shown that VCP-deletion viruses are mildly
attenuated in vivo (DeHaven et al., 2010; Isaacs et al.,

1992), possibly owing to an improved adaptive immune
response in the absence of complement inhibition (Girgis
et al., 2011). Besides being secreted, VCP was found to be
expressed on the surface of infected cells (Girgis et al.,
2008). Surface expression required the presence of the free
N-terminal cysteine of VCP and the A56 protein (Girgis
et al., 2008). Furthermore, it was shown recently that the
N-terminal free cysteine of VCP forms a covalent bond
with the unpaired cysteine of the ectodomain of the A56
protein (Cys162) (DeHaven et al., 2010). This results in
expression of VCP on the surface of infected cells. It is not
yet known whether the K2 protein and VCP can interact
with the same A56 molecule. Based on the domains of A56
that K2 and VCP interact with (Figs 2 and 3), it is possible
that a heterotrimer could form. However, we favour a model
in which the A56 protein is expressed at early and late time
points as a monomer and some A56 molecules interact with
K2, while other molecules interact with VCP. We base this
model on the temporal organization of VACV protein
synthesis. The K2 protein is expressed from an early
promoter (Turner & Moyer, 1995) while VCP is expressed
from a late promoter (B. C. DeHaven & S. N. Isaacs,
unpublished; Moulton et al., 2010). Thus, this would keep
the K2 protein and VCP from competing for A56 molecules.

In contrast to the apparently unique function of the A56–
K2 complex for preventing superinfection by interacting
with the viral EFC, surface expression of a complement-
control protein is seen in other viruses. Several herpes-
viruses and flaviviruses express complement regulators that
are found on the surface of infected cells (Bernet et al.,
2003; Chung et al., 2006; Friedman et al., 1984; Harris et al.,
1990). This A56–VCP complex can protect cells from
complement-mediated lysis of infected cells, and surface-
bound VCP may be important for full virulence in vivo
(DeHaven et al., 2010; Girgis et al., 2008). Proteomics data
on MV and EV particles from VACV indicate that VCP is
found on EV (Manes et al., 2008) (Fig. 1). While this has
not been confirmed experimentally, it is intriguing to
speculate that VCP trafficked to the EV envelope provides
additional protection from the host complement attack.

The interaction between VCP and A56 does not seem to be
limited to VACV. The variola virus homologue of VCP,
called SPICE (for smallpox inhibitor of complement
enzymes), can also bind to the VACV A56 protein when
plasmids expressing both proteins are transfected into cells.
Also, immunofluorescence staining of ECTV-infected cells
shows surface expression of its complement-control
protein (called EMICE). Interestingly, in transfection
studies, EMICE does not interact with the VACV A56
protein, but is able to bind to the ECTV A56 protein
(DeHaven et al., 2010). This suggests co-evolution of these
proteins might have occurred. It is unclear which protein
might be driving this co-evolution, but, given the greater
differences between orthopoxvirus A56 proteins in the
domain where the complement control protein binds, we
hypothesize that A56 may be driving this co-evolution. It is
unclear whether there is evidence of similar co-evolution
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between A56 and K2. Despite only 83 % identity between
the CPXV and VACV A56 proteins, the CPXV K2 protein
can interact with the VACV A56 protein and inhibit
syncytia formation (Turner & Moyer, 1995). If the K2
protein interacts with the Ig domain of A56 this region has
less sequence divergence (Aguado et al., 1992; Cavallaro &
Esposito, 1992) and thus little co-evolution has been
required.

A56 and VACV virulence

The A56 protein is not needed for viral replication in cell
culture. However, the contributions of A56 to VACV
virulence have not been fully elucidated and the data are
inconsistent (see Table 1). While work with a plaque-
purified virus (NYCBH strain) showed significant attenu-
ation with an A56R gene-knockout virus in intracranial
and intranasal challenge models (Lee et al., 1992), it was
not compared with a gene-rescue virus and the knockout
contained the b-galactosidase marker gene. Similarly, work
with Western Reserve (WR)-strain-based VACV virus, in

which the A56R gene was deleted, showed a small amount
of attenuation when given by the intracranial route in
young mice (Flexner et al., 1987). An additional study
using WR showed an increase in LD50 levels in both
intracranial and intraperitoneal models when A56 is
knocked out (Shida et al., 1988). However, in this same
study, no attenuation was seen when a foreign gene [the
human T-cell leukemia virus (HTLV) glycoprotein] was
inserted in place of A56R in the LC16mO or LO strains;
deleting A56 resulted in little-to-no attenuation in both
intracranial and intraperitoneal models (Shida et al., 1988).
It should be noted that the LO and LC16mO strains are
more attenuated than the WR strain. Based on these
imperfect studies, it appears that deletion of the A56R gene
does attenuate the virus in some cases, and this attenuation
is more readily seen when starting with a virulent virus.

Deletion of the VACV proteins that bind the A56 protein
provides a clearer, if unfinished picture of the contribution
of A56 to VACV virulence, as these mutants appear to
result in different levels of virulence in vivo (Table 1). The
deletion of the K2L ORF does not appear to markedly

Table 1. Summary of in vivo work with A56 and/or VCP and K2 mutant viruses

Virus strain or

gene mutation*

RouteD Attenuationd Notes§ References

A56-knockout virus

NYCBH IC ++ LD5051.66105 p.f.u. versus 1.96102 p.f.u. for WT Lee et al. (1992)

NYCBH IN +++ LD50.16108 p.f.u. versus 2.56104 p.f.u. for WT Lee et al. (1992)

WR IC + 100 % death at 17 days; 100 % death for WT was 8 days Flexner et al. (1987)

WR IP ++ LD5057.86107 p.f.u. versus 9.36105 p.f.u. for WT

(A56R ORF was replaced with HTLV glycoprotein)

Shida et al. (1988)

WR IC ++ LD5051.56102 p.f.u. versus ,10 p.f.u. for WT

(A56R ORF was replaced with HTLV glycoprotein)

Shida et al. (1988)

WR IC, ID + In rabbits, lower mortality after IC and smaller lesions

after ID infection. (A56R ORF was replaced with HTLV

glycoprotein)

Shida et al. (1988)

LC16mO, LO IC, IP No A56R ORF was replaced with HTLV glycoprotein Shida et al. (1988)

A56 binding-partner

mutant

K2ko (WR) IN No Identical death rates versus WT Law & Smith (1992)

K2ko (CPXV) IN No LD5055.36105 p.f.u. versus 5.16105 p.f.u. for WT Thompson et al. (1993)

VCPko (WR) ID ++ Smaller lesions formed in rabbits, guinea pigs compared

with parental virus

Isaacs et al. (1992)

VCPko (WR) IN, ID ++ For ID, smaller lesions formed in mice; for IN, VCPko

mice survived 104 p.f.u. challenge while rescue virus-infected

mice died.

DeHaven et al. (2010);

Girgis et al. (2011)

VCPmut (WR) IN, ID ++ For ID, lesions formed that were intermediate in size

between VCPwt and VCPko; for IN, four of five mice

survived 104 p.f.u. challenge while none of the mice

challenged with a VCPko-rescue virus survived.

DeHaven et al. (2010)

*K2ko, K2L ORF deletion; VCPko, VCP ORF deletion; VCPmut, mutated N-terminal cysteine that results in VCP that does not form a homodimer

and does not interact with A56.

DIC, Intracranial; IN, intranasal; ID, intradermal; IP, intraperitoneal.

dThe relative degree of attenuation observed is indicated by the number of plus (+) signs.

§WT, Wild type; HTLV, human T-cell leukaemia virus.
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attenuate vaccinia. No differences were seen when
comparing a wild-type VACV with a K2L-knockout
VACV, which were given to mice by the intranasal route
of infection (Law & Smith, 1992). Similarly, intranasal
infection of mice with a K2L-knockout or wild-type CPXV
showed nearly identical LD50 (Thompson et al., 1993).
Since deletion of the K2L gene results in the same syncytia-
producing phenotype as deletion of the A56R gene, these
findings appear to indicate that the viruses that do not
form a functional A56–K2 complex remain virulent in
mice. These viruses may even compensate for the loss of
superinfection control by increased pathogenesis because
of syncytia formation.

As previously mentioned, VCP is needed for full VACV
(strain WR) virulence, as knockout viruses are attenuated
in an intradermal rabbit model (Isaacs et al., 1992), and
both intradermal and intranasal mouse models (DeHaven
et al., 2010; Girgis et al., 2011). Importantly, a VCP mutant
(VCPmut) that cannot form the A56–VCP complex (owing
to mutation of the unpaired N-terminal cysteine of VCP) is
also attenuated after intranasal and intradermal challenge
(DeHaven et al., 2010). Taken as a whole, these experi-
ments seem to suggest that the A56–VCP complex is more
important to virulence in mouse models than the A56–K2
complex. However, direct comparisons of mutations that
affect these two complexes with appropriate rescue viruses
have not been carried out.

Gene screening using A56R-knockout viruses and
oncolytic vectors

Because the A56R gene is non-essential for virus replica-
tion, it has been used as a region of the VACV genome
suitable for insertion and expression of foreign genes
(Shida, 1989). The HA properties of the A56 protein allow
for easy identification of recombinant plaques with foreign
genes inserted into the A56R locus, even in the absence of a
selection marker. That is, the addition of chicken
erythrocytes to an infected cell monolayer will cause
wild-type plaques to appear red, while recombinant viruses
with A56 deleted will remain white (Oda, 1965; Shida &
Matsumoto, 1983). Another application of A56 mutants
has been in the development of VACVs as oncolytic cancer
vectors. Recently, a new vector was developed, GLV-1h68,
which includes the deletion of A56 along with a series of
other gene deletions [thymidine kinase (J2R) and F14.5L, a
non-essential MV protein] (Izmailyan & Chang, 2008).
When compared with the parental virus in which only J2R
and F14.5 were deleted, the additional A56 knockout
resulted in a virus that was further attenuated and able to
reduce the size of breast cancer tumours in a nude mouse
model. Why including an A56R gene deletion in this
oncolytic virus improved the survival of tumour-bearing
mice is unknown, but it is intriguing to speculate upon the
potential contribution of infected tumour cells that did not
express the K2 protein or VCP on their surfaces. GLV-1h68
has since been successfully used to shrink tumours in

several xenograft mouse models (Gentschev et al., 2010; Lin
et al., 2008; Worschech et al., 2009; Yu et al., 2009a, b).

Conclusions

The history of A56 can be divided into two acts. In the first
act, the protein was discovered and many basic characteristics
of the protein were described. After a number of years of
diminished work on A56, the last decade has seen a burst of
studies that focus on the A56 protein. During this second act,
important discoveries about interactions with other viral
proteins and their relevant biological functions have been
made. The A56 protein is found in several locations during an
infection (Fig. 1), and its interactions with other viral proteins
produce multiple effects. While A56 is a ‘non-essential’
protein, it is an important one: through its interaction with
the K2 protein it is involved in preventing reinfection of
already-infected cells, which may promote viral spread as well
as inhibiting syncytia formation. Through its interactions
with VCP, it is involved with defending infected cells from the
immune response of the host. Research on A56 has also been
incorporated into new oncolytic vectors, and new panels of
mutant viruses are in development that may assist in further
elucidating the role A56 plays in pathogenesis.
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