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Most poxviruses express multiple proteins containing ankyrin (ANK) repeats accounting for a large super-
family of related but unique determinants of poxviral tropism. Recently, select members of this novel family of
poxvirus proteins have drawn considerable attention for their potential roles in modulating intracellular
signaling networks during viral infection. The rabbit-specific poxvirus, myxoma virus (MYXV), encodes four
unique ANK repeat proteins, termed M-T5, M148, M149, and M150, all of which include a carboxy-terminal
PRANC domain which closely resembles a cellular protein motif called the F-box domain. Here, we show that
each MYXV-encoded ANK repeat protein, including M-T5, interacts directly with the Skp1 component of the
host SCF ubiquitin ligase complex, and that the binding of M-T5 to cullin 1 is indirect via binding to Skp1 in
the host SCF complex. To understand the significance of these virus-host protein interactions, the various
binding domains of M-T5 were mapped. The N-terminal ANK repeats I and II were identified as being
important for interaction with Akt, whereas the C-terminal PRANC/F-box-like domain was essential for
binding to Skp1. We also report that M-T5 can bind Akt and the host SCF complex (via Skp1) simultaneously
in MYXV-infected cells. Finally, we report that M-T5 specifically mediates the relocalization of Akt from the
nucleus to the cytoplasm during infection with the wild-type MYXV, but not the M-T5 knockout version of the
virus. These results indicate that ANK/PRANC proteins play a critical role in reprogramming disparate
cellular signaling cascades to establish a new cellular environment more favorable for virus replication.

Myxoma virus (MYXV) is a rabbit-specific poxvirus that has
proven to be a useful model system to study the mechanism by
which virus-encoded immunoregulatory proteins function to
manipulate the various host immune responses during the
course of viral infection (50). In its long-term evolutionary host
(Sylvilagus sp.), MYXV causes a benign disease localized to the
site of inoculation, but when the virus infects European rabbits
(Oryctolagus cuniculus), it causes a rapid systemic and highly
lethal infection called myxomatosis (13). The success of
MYXV as a pathogen can be attributed to the ability of the
virus to effectively avoid recognition and clearance by the im-
mune systems of susceptible rabbit hosts. At the level of indi-
vidual virus-infected cells, poxviruses, like MYXV, are partic-
ularly adept at binding and entering most mammalian cells,
where they attempt to establish a favorable intracellular envi-
ronment, which promotes viral replication. Thus, the ability of
poxviruses to reconfigure or disable the various host antiviral
responses of the infected cell directly dictates the outcome of
a viral infection at the cellular level (28). To this end, poxvi-
ruses possess a large genomic capacity, and all encode a unique
repertoire of immunoregulatory and host-interactive proteins
that have evolved to specifically mediate a broad range of

cellular processes critical for successful viral replication. To
date, a large collection of poxvirus-encoded immunoregulatory
proteins have been identified and characterized, including vi-
rokines, viroreceptors, signaling modulators, and inhibitors of
various antiviral responses, such as apoptotic pathways and
interferon signaling (43). More recently, a novel category of
poxvirus ankyrin (ANK) repeat proteins have drawn consider-
able attention for their potential roles in modulating intracel-
lular signaling networks during viral infection (48, 49, 53).

With the exception of poxviruses, the ANK motif is not
commonly reported in viruses, although numerous examples
have been identified in eukaryotic, bacterial, and archaeal pro-
teins (6). The ANK motif, a tandemly repeated consensus
module of approximately 33 amino acid residues, has been
demonstrated to mediate diverse protein-protein interactions
between cellular proteins having a broad spectrum of func-
tional roles (32, 42). Solved crystal structures have revealed a
conserved fold structure of the ANK repeat unit, by which each
repeat forms a characteristic helix-loop-helix structure with a
beta-hairpin/loop region projecting out from the helices at a
90o angle (3, 16, 19, 26). However, the ANK fold appears to be
defined by its structure rather than any conserved biological
function since there is no specific conserved substrate or bind-
ing partner structure that is universally recognized by members
of the superfamily.

The majority of poxviral ANK repeat-containing proteins
also include a conserved carboxy-terminal PRANC (pox pro-
tein repeats of ankyrin C terminus) motif, which closely resem-
bles a cellular protein motif called the F-box domain (30).
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Characterized as substrate adaptors, F-box-containing host
proteins function to recruit cellular substrate proteins to the
SCF ubiquitin-ligase complex (named after their main compo-
nents, Skp1, cullin 1 [CUL1], and an F-box protein), where the
substrates selected by the complex are ubiquitinated and tar-
geted for degradation by the proteasome (21, 45, 60). The
process of selective ubiquitination is an essential regulatory
step for many cellular processes, and the human genome en-
codes more than 70 different F-box proteins, which collectively
are thought to specifically target a broad collection of cellular
substrates for delivery to the SCF complex to initiate turnover
(62).

Accounting for the largest family of poxviral proteins, almost
all chordopoxviruses encode multiple ANK repeat-containing
proteins, some of which have been defined as viral host range
or virulence factors (30). For example, canarypox virus en-
codes 51 ANK repeat proteins, accounting for greater than
20% of the genome; however, most other poxviruses express
less than a half dozen ANK repeat proteins (52). MYXV
encodes four unique ANK repeat proteins, termed M-T5,
M148, M149, and M150, all of which have been described as
virulence factors for myxomatosis in rabbits (5, 8, 33). The
MYXV host range factor M-T5 was first characterized for its
ability to regulate viral tropism within rabbit lymphocytes and,
later, some classes of human cancer cell lines (33, 51). In
human cancer cells, the direct physical interaction between
M-T5 and the host cell Akt was shown to be a key restriction
determinant for MYXV tropism in a subset referred to as type
II cancer cells (56). Furthermore, M-T5 was shown to be func-
tionally interchangeable with a host ANK repeat protein called
PIKE-A, and the activation of Akt by either the viral M-T5 or
the host PIKE-A protein was critical for MYXV permissive-
ness in type II human cancer cells (57). M-T5 was also dem-
onstrated to protect MYXV-infected cells from virus-induced
cell cycle arrest, a property which was linked to its ability to
interact with a member of the host cell SCF complex called
CUL1 (20). Unlike M-T5, no specific host binding partners or
target substrates have yet been identified for M148, M149, or
M150. However, in tumor necrosis factor alpha (TNF-�)-stim-
ulated cells, M150 was shown to colocalize in the nucleus with
NF-�B p65, suggesting that this MYXV protein may modulate
the NF-�B pathway (8).

In this study, we demonstrate that M-T5, M148, M149, and
M150 all have functional carboxy-terminal PRANC/F-box-like
domains and that each one can interact directly with the Skp1
component of the host SCF complex. We further examined the
various binding domains of M-T5 and identified ANK repeats
I and II as being important for interaction with Akt, whereas
the PRANC/F-box-like domain was essential for binding to
Skp1. We also show that the previously reported interaction of
M-T5 with CUL1 was in fact, indirect linking of M-T5 to the
host SCF complex via Skp1. More specifically, we investigated
the ability of M-T5 to function as a molecular scaffold to link
disparate cellular binding partners together within a single
complex and report that the viral protein binds Akt and the
SCF complex (via Skp1) simultaneously in MYXV-infected
cells. Finally, we demonstrate that M-T5 specifically medi-
ates the relocalization of Akt from the nucleus to the cyto-
plasm during MYXV infection. These results suggest that
ANK/PRANC proteins, such as M-T5, play a critical role in

reprogramming disparate cellular signaling cascades to es-
tablish a new cellular environment more favorable for viral
replication.

MATERIALS AND METHODS

Cells and viruses. Human embryonic kidney (HEK) 293, HeLa, HOS, and
Caki cells were propagated in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (heat inactivated), 100 U penicillin/ml, and
100 �g/ml streptomycin at 37°C in 5% CO2. The recombinant MYXVs (vMyx;
strain Lausanne) used in this study include vMyx-lac (36) and vMyx-gfp (20),
control viruses expressing wild-type M-T5. Additionally, vMyx-T5KO (33), which
contains LacZ between M11L and M12, and vMyx-T5KOgfp (57), in which the
enhanced green fluorescent protein (gfp) cassette is inserted between M135 and
M136 in the vMyx-T5KO background (and thus contains both LacZ and gfp),
both of which fail to express M-T5 due to targeted disruption of both copies of
the M-T5 open reading frame (ORF) (M005R/L), were used. All viruses were
propagated and titrated by focus formation on baby green monkey kidney
(BGMK) cells as described previously (36).

Plasmids. Vectors encoding MYXV genes M-T5, M148, M149, and M150
were PCR amplified from viral genomic DNA and subcloned into pDONR221
(Invitrogen). By the use of Gateway recombination (Invitrogen), the viral ORFs
were transferred to the expression plasmid pANT7_nHA, which was kindly
provided by the Harvard Institute of Proteomics (HIP). The plasmids encoding
human CUL1, Skp1, and Akt, all fused to C-terminal glutathione S-transferase
(GST) (pANT7_cGST), were also received from HIP; CUL1 tagged with a
hemagglutinin (HA-CUL1) or Flag (Flag-CUL1) epitope was a gift provided by
Y. Xiong (University of North Carolina) and Z. Q. Pan (Mount Sinai School of
Medicine, NY), respectively. M-T5 ORF fragment constructs were amplified
from viral genomic DNA by PCR. N-terminal M-T5 deletions were generated
using the forward primers listed in Table 1 and the reverse primer MT5rev
(5�-AAACTCGAGCGCGTGTATCTTTAC-3� [XhoI site underlined]). Alter-
natively, internal M-T5 deletions were generated by amplifying the right and left
flanks of the deletion region by use of the primer sets listed in Table 1. After-
wards, a second round of PCR was performed using the forward primer MT5for
(5�-AAAGGATCCATGGATCTATACGGG-3� [BamHI site underlined]) and
the reverse primer MT5rev. PCR products were digested with BamHI and XhoI,
gel purified (Qiagen), and cloned directly into the vector pcDNA3.1(�)/myc-His
A (Invitrogen). The identity of all clones was confirmed by sequence analysis,
and expression of fusion proteins was confirmed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and immunoblotting.

Immunoblot analysis. Samples were separated by SDS-PAGE. Separated pro-
teins were transferred to nitrocellulose and blocked with 5% skim milk in phos-
phate-buffered saline (PBS) with 0.1% Tween 20 (PBST). Primary antibodies
were diluted in 5% skim milk-PBST and incubated with membranes overnight at
4°C. Membranes were washed and incubated for 1 h at room temperature with
horseradish peroxidase-conjugated secondary antibodies diluted 1:5,000 in 5%
milk-PBST. Immunoreactive proteins were detected by chemiluminescence
(PerkinElmer). Antibodies used included monoclonal antibodies specific for HA
(12CA5; Roche) and myc (9E10; Santa Cruz Biotechnology) epitopes. Polyclonal
antibodies used included those for detecting human Skp1 and Akt (Cell Signal-
ing) and GST (NeoMarkers). Horseradish peroxidase-conjugated goat anti-
mouse and goat anti-rabbit secondary antibodies were obtained from Jackson
ImmunoResearch Laboratories. Densitometric levels of Akt were detected by
Molecular Imaging software (Kodak).

GST pull-down assay. For GST fusion proteins, plasmids were expressed by in
vitro transcription-translation according to the manufacturer’s protocol (Pro-
mega) and were incubated with glutathione agarose beads for 2 h. Beads were
pelleted by centrifugation and washed five times, and the immunocomplexes
were resolved by SDS-PAGE. Immunoblot analyses were performed as de-
scribed above, using the appropriate antibodies.

Y2H experiments. The details of the human cDNA libraries and the yeast
two-hybrid (Y2H) screening methods have been reported elsewhere (31).

Immunoprecipitation assay. Samples were incubated with protein A/G beads
(Pierce) at 4°C for 1 h in a preclear phase. After centrifugation, supernatants
were removed and incubated with the specified antibody at 4°C overnight with
shaking. The next day, protein A/G beads were added and further incubated at
4°C for 2 h. The beads were washed three times with lysis buffer, resuspended in
2� SDS loading buffer with �-mercaptoethanol, and boiled for 5 min to elute the
proteins. The eluted supernatants were resolved by SDS-PAGE and analyzed by
Western blotting.
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AlphaScreen binding protocol. Cells were seeded into six-well plates at a
density of 5 � 105 cells per well in complete growth medium with 10% fetal
bovine serum. Transfections were performed with Effectene (Qiagen) in accor-
dance with the manufacturer’s instructions. Cultured cells were collected, and
cell lysis was prepared as previously described. All AlphaScreen assays described
were performed in triplicates in 384-well white opaque plates (PerkinElmer),
using PBS containing 0.1% bovine serum albumin as the buffer. For the detection
of HA fusion proteins, the HA detection kit containing anti-HA-coated acceptor
beads (PerkinElmer) was used. Equal concentrations of acceptor beads and
streptavidin donor beads were used at a final concentration of 20 �g/ml in a final
volume of 25 �l per well. First, 5 �l of cell lysate, followed by biotinylated
anti-HIS (10 nM) or biotinylated anti-Flag antibody (25 nM) and acceptor beads
in buffer, were added to each well and incubated for 2 h at room temperature. A
total of 5 �l of a 1:50 dilution of the donor beads was then added to give a final
volume of 25 �l, and the mixture was incubated at room temperature for 2 h. All
additions and incubations were made under subdued lighting conditions due to
the photosensitivity of the beads, and finally, the assay plates were read in an
EnVision plate reader (PerkinElmer).

siRNA transfections. Cellular monolayers were transfected with the indicated
small interfering RNA (siRNA) per manufacturer’s protocol (Dharmacon), and
48 h later, cells were infected with either vMyx-lac or vMyx-T5KO at a multi-
plicity of infection (MOI) of 0.1. Inoculum was allowed to adsorb for 1 h before
being removed; cells were then washed and supplemented with Dulbecco’s mod-
ified Eagle’s medium. Cells were incubated at 37°C and 48 h postinfection (hpi)
focus formation was examined under a Leica fluorescence microscope as a
measure of viral replication.

Subcellular localization of Akt and CUL1. HeLa cells were grown on glass
coverslips to 70% confluence and were transiently transfected with HA-CUL1
using Effectene (Qiagen) according to the manufacturer’s recommendations.
Two days later, cells were mock infected or infected with vMyx-lac or vMyx-
T5KO at an MOI of 5. At 4 hpi, cells were fixed with 4% paraformaldehyde,
permeabilized with 0.3% Triton X-100 and blocked with 5% fetal bovine serum.
HA-CUL1 expression was detected by indirect immunofluorescence by the use of
monoclonal antibody specific for the HA epitope (1:100 dilution) and a Texas
Red-conjugated goat anti-mouse secondary antibody (1:1,000 dilution; Jackson
ImmunoResearch). Detection of endogenous Akt was determined by polyclonal
Akt antibody (1:100 dilution) and the fluorescein isothiocyanate-conjugated goat
anti-rabbit secondary antibody (1:1,000; Jackson ImmunoResearch). Cells were
mounted with Vectashield (Vector Laboratories) containing the fluorescent
marker DAPI (4�,6-diamidino-2-phenylindole) to assay nuclear localization and
were examined under a spinning-disk confocal microscope (Olympus), using the
appropriate filters. Nuclear and cytoplasmic extractions were performed accord-
ing to manufacturer’s recommendations (Thermo Scientific).

RESULTS

MYXV ANK repeat proteins all contain a functional car-
boxy-terminal PRANC/F-box-like domain and bind Skp1.
With the exception of Molluscipoxvirus, all sequenced members
from each of the poxvirus genera encode multiple ANK re-
peat-containing proteins, the majority of which include a
PRANC/F-box-like domain located at the carboxy terminus
(30). MYXV, a member of the Leporipoxvirus genus, encodes
four ANK/PRANC-containing proteins: M-T5, M148, M149,
and M150 (7, 58). Similar to other poxviral ANK/PRANC
proteins, the four MYXV proteins range from 400 to 700
amino acids in length, possess 5 to 10 copies of the ANK motif
clustered toward the amino terminus of each protein, and
include a single carboxy-terminal PRANC/F-box-like motif
(Fig. 1A). However, amino acid sequence alignment of M-T5,
M148, M149, and M150 demonstrates that the proteins other-
wise exhibit little sequence similarity to one another (33.4 to
43.4% similarity; 18.8 to 23.3% identity) (Table 2). M148 was
the least similar ORF among the four MYXV ORFs and
appears to contain an additional 179 residues at the amino
terminus, accounting for an extra two to four ANK repeats.

Notably, the PRANC/F-box-like domains for each of the
MYXV proteins share a high degree of sequence similarity to
one another (Fig. 1B). The PRANC motif is comparably
shorter than the established F-box consensus sequence com-
mon to eukaryotes, but still contains a few invariant positions;
these include positions 1 (leucine), 2 (proline), 9 (isoleucine or
valine), and 13 (leucine or valine) (30). Based on cocrystal
structures, the cellular F-box is usually composed of three
�-helices; however, the poxviral version of the motif is fre-
quently truncated and lacks the third helix (47). Many of the
invariant residues within helices H1 and H2 are well conserved
in the MYXV PRANC/F-box-like domains, but little sequence
similarity was maintained within �-helix H3 (Fig. 1B). Despite
the lack of H3, the 2-�-helix PRANC/F-box-like domain found

TABLE 1. List of primers used to PCR amplify M-T5 constructs

Primer Sequence

MT5for.........................................................................................................................AAAGGATCCATGGATCTATACGGG
MT5rev ........................................................................................................................AAACTCGAGCGCGTGTATCTTTAC
�Nfor ...........................................................................................................................AAAGGATCCATGCGGGATACCCCCTTTCGC
�N-Ifor ........................................................................................................................AAAGGATCCATGGTTCGTGGTTCTCGTACG
�N-IIfor.......................................................................................................................AAAGGATCCATGGCGCCAGATGGACG
�N-IIIfor .....................................................................................................................AAAGGATCCATGCGGGGAACGGACGGATACG
�N-IVfor .....................................................................................................................AAAGGATCCATGCCAGACAAGACGTACGGG
�N-Vfor.......................................................................................................................AAAGGATCCATGGGATTACACGCGACC
�N-VIfor .....................................................................................................................AAAGGATCCATGGTGAACTTTCTGGGG
�N-VIIfor....................................................................................................................AAAGGATCCATGTACACGAGGGCGTTGAACG
�ILrev ..........................................................................................................................AAACGAGAACCACGAACCGAACATAGTTCGTCCGG
�IRfor..........................................................................................................................AAACCGGACGAACTATGTTCGGTTCGTGGTTCTCG
�IILrev ........................................................................................................................AAACGTCCATCTGGCGCCATAGAACCACGAACTCCG
�IIRfor ........................................................................................................................AAACGGAGTTCGTGGTCCTATGGCGCCAGATGGACG
�I-IILrev......................................................................................................................AAACGTCCATCTGGCGCCATCGAACATAGTTCGTCCGG
�I-IIRfor .....................................................................................................................AAACCGGACGAACTATGTTCGATGGCGCCAGATGGACG
�III-Vlrev ....................................................................................................................AAAGGTCGCGTGTAATCCATCTGGCGCCATCGCG
�III-Vrfor....................................................................................................................AAACGCGATGGCGCCAGATGGATTACACGCGACC
�VI-VIILrev ...............................................................................................................AAACGTTCAACGCCCTCGTGTAGAGAGAGTTTTGTTCG
�VI-VIIRfor ...............................................................................................................AAACGAACAAAACTCTCTCTACACGAGGGCGTTGAACG
�PRANCrev................................................................................................................AAACTCGAGCCCAGGCGTGTCCAGCC
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in poxviral proteins can still be capable of interacting faithfully
with the cellular SCF complex (47).

The presence of a carboxy-terminal PRANC/F-box-like mo-
tif suggests that the four ANK repeat proteins encoded by
MYXV likely interact with the SCF complex by means of
binding to an adaptor protein, such as Skp1. To determine if
these viral proteins have a functional PRANC/F-box-like do-
main, we tested their ability to bind host Skp1 protein, using a
GST pull-down assay. A coupled in vitro transcription-trans-
lation (TNT) protocol was used to coexpress Skp1-GST, which

is tagged at the C terminus with GST, plus one of the MYXV
ANK/PRANC proteins fused to a common N-terminal HA tag
(HA-MT5, HA-M148, HA-M149, or HA-M150). Samples
were then incubated with GST-coated beads to pull down
Skp1-GST fusions, and complexes were resolved by SDS-
PAGE and immunoblotted with anti-HA antibody to analyze
binding of HA-tagged MYXV proteins. As predicted, all four
of the MYXV-encoded ANK/PRANC proteins were detect-
able by the GST pull-down assay only when coexpressed in the
presence of Skp1-GST (Fig. 1C, lanes 1, 5, 9, and 13). How-
ever, no MYXV-encoded ANK/PRANC proteins were de-
tected following GST pull-down in the absence of Skp1-GST
expression (Fig. 1C, lanes 2, 6, 10, and 14). It should be noted
that the binding of HA-M148 to Skp1-GST is difficult to ap-
preciate; however, when this interaction was further examined
by the AlphaScreen assay, the signal produced by the interac-
tion between M148 and Skp1 was comparable to M-T5, M149,
and M150 (data not shown). Our findings suggest that M-T5,
M148, M149, and M150 each contain a functional PRANC/F-
box-like domain, which can interact with the host Skp1 as
previously reported with other poxviral ANK repeat proteins
(48, 49, 53).

FIG. 1. MYXV ANK repeat proteins include a functional C-terminal PRANC domain that binds Skp1. (A) Schematic representation of the
four ANK repeat-containing proteins encoded by MYXV. Predicted ANK repeats and putative carboxyl-terminal PRANC/F-box-like domains are
represented by white and gray boxes, respectively (24, 41). The first amino acid residue of each predicted ANK repeat and amino acid length of
the corresponding proteins are indicated. (B) Alignment of the amino acid sequences of the carboxy-terminal region of each MYXV ANK repeat
protein. A consensus PRANC/F-box-like sequence adapted from Mercer et al. (30) is shown with lowercase letters representing variant positions,
and X indicates nonconserved positions. Dark-shaded letters represents residues identical to the poxviral consensus motif, while conserved
substitutions are denoted with light shading. Nonconserved differences contain no shading. The F-box �-helical secondary structures are
represented by H1, H2, and H3 (37, 63). Known residues of Skp2 that contact the linker protein Skp1 are underlined (40). (C) In vitro coupled
transcription-translation was used to express the indicated (�) combination of plasmids, which include Skp1-GST and HA-tagged MYXV ANK
repeat proteins M-T5, M148, M149, and M150. Samples were subjected to a GST pull-down assay. Precipitates and total lysates were resolved by
SDS-PAGE and probed with anti-HA antibody to detect coprecipitated viral proteins (bottom row). Expression of MYXV ANK repeat proteins
(top row) and Skp1 (middle row) was confirmed by immunoblotting with antibody against HA (anti-HA) and GST (anti-GST) epitopes,
respectively. Bands of interest are indicated with stars. �, anti.

TABLE 2. Identity/similarity matrix of MYXV ANK
repeat-containing proteins

Protein
Similaritya score (%) for:

M-T5 M148 M149 M150

M-T5 33.6 43.3 44.2
M148 18.8 38.0 33.4
M149 23.2 20.1 36.3
M150 23.3 19.1 20.8

a Values above and below the diagonal gap are similarity and identity scores,
respectively.
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Y2H screen for potential cellular binding partners of M-T5.
Although PRANC proteins are predicted to manipulate the
cellular ubiquitination machinery, surprisingly little is known
about the molecular mechanism by which this largest family of
poxvirus proteins functions during viral infection. Aside from
Skp1, identification of additional binding partners, either cel-
lular or viral, has resulted in little success and coincidently has
hindered the study of this superfamily of proteins. The Y2H
system has become an increasingly important tool to identify
and map novel protein-protein interactions. For example, sys-
tematic Y2H analysis of the unique variola virus genes with
human cDNA libraries revealed the presence of a novel viral
inhibitor of NF�B1/p105 (31). A similar Y2H screen was per-
formed using various human cDNA libraries to identify poten-
tial human cellular binding partners of M-T5, the best charac-
terized of the four MXYV ANK repeat proteins. Multiple
independent human cDNA libraries were analyzed for inter-
actions, and the results from this screen identified a total of 13
potential human binding partners for M-T5 (Table 3). Notably,
neither of the two previously identified binding partners for
M-T5, namely, CUL1 or Akt, were identified in this Y2H
screen, but the Skp1 component of the host SCF complex (that
includes CUL1) was picked up in this screen.

Creation of M-T5 deletion constructs for protein partner
binding studies. The intricate relationship between virus-en-
coded proteins and components of the host cell signaling net-
works can have a profound impact on poxvirus tropism. To
investigate the significance of these virus-host protein interac-
tions in controlling virus tropism, a collection of myc-His (C-
terminus)-tagged M-T5 fragment constructs were created and
used to map the binding domain(s) critical for interaction with
the cellular proteins (Fig. 2A). Briefly, ANK repeats of M-T5
were systematically deleted from the amino termini of the
M-T5 ORF and fused to a carboxy-terminal myc-His tag. To
complement, an additional set of plasmids was constructed,
which includes internal ANK repeat deletions, M-T5 with the
PRANC/F-box-like domain only (MT5�N-VII), and M-T5
without the PRANC/F-box-like domain (MT5�PRANC) (Fig.
2A). Upon completion, each plasmid was sequence verified,
and protein expression was confirmed by Western blot analysis
with anti-myc antibody (Fig. 2B). It is interesting to note that
some plasmids produced multiple bands, which we predict are
shorter M-T5 protein fragments that were translated from an
alternative start codon by the polymerase during the in vitro

coupled transcription-translation reaction. Furthermore, no
prominent bands were observed when an empty vector was
used (Fig. 2B, lane 16), suggesting that these particular bands
are not the result of nonspecific binding from the anti-myc
antibody.

M-T5 domains are needed to bind the host cell SCF com-
plex. To determine whether the PRANC/F-box-like domain of
M-T5 was responsible for the observed binding between Skp1 and
M-T5 (Fig. 1C), GST pull-downs were performed. Skp1 fused to
GST (Skp1-GST) and one of the various M-T5 myc-His-tagged
constructs (MT5, MT5�PRANC, or MT5�N-VII) were coex-
pressed by in vitro coupled transcription-translation and protein
complexes isolated using GST-coated beads. After washing the
beads, samples were resolved by SDS-PAGE and probed with an
anti-myc antibody. Coprecipitation of Skp1-GST and M-T5 was
observed only when full-length M-T5 (MT5/myc-His) was ex-
pressed (Fig. 3A, lane 1). The truncated M-T5 constructs
(MT5�PRANC/myc-His or MT5�N-VII/myc-His) failed to in-
teract with Skp1 (Fig. 3A, lanes 2 and 3). Another essential com-
ponent of the SCF complex, CUL1, has been previously reported
to form a complex with M-T5 (20). When the interaction between
CUL1 and M-T5 was examined by GST pull-down, the results
were equivalent to Skp1 binding. In other words, CUL1-GST
coprecipitated with full-length M-T5 (MT5/myc-His) but not with
the truncated M-T5 constructs (Fig. 3B).

To further verify the GST pull-down experiments by an
independent protein-protein interaction method, the bead-
based assay AlphaScreen was used to examine binding inter-
actions. As shown schematically in Fig. 3C, activation of the
donor beads at 680 nm results in the generation of excited
singlet oxygen radicals, which migrate to react with chemilu-
minescers on the acceptor bead, subsequently triggering a cas-
cade of chemical reactions that induce the release of light (520
to 620 nm) from activated fluorophores. For this reaction to
occur, the two beads must be within close proximity (	200 nm)
via specific interactions of the protein-protein complexes cou-
pled to them (Fig. 3C, upper panel). However, if the bound test
proteins do not interact, no light is emitted by the unstimulated
chemiluminescers on the acceptor bead (Fig. 3C, lower panel).

To investigate the interaction between M-T5 and the SCF
complex, cells were cotransfected with HA-CUL1 and one
of the various M-T5 constructs (MT5, MT5�PRANC, or
MT5�N-VII). The day following transfection, cell lysates were
collected and prepared for protein-protein interaction analysis.

TABLE 3. Potential cellular binding partners of MYXV-encoded M-T5 identified by a Y2H screen of human cDNA libraries

Designation Name NCBI RefSeq no.

BUB1B Budding uninhibited by benzimidazoles 1 homolog � NM_001211
CBX3(183) Chromobox homolog 3, isoform 1 NM_007276
ESPN Epsin NM_031475
IQGAP1 IQ motif containing GTPase activating protein 1 NM_001032456
KIF4A Kinesin family member 4A NM_012310
KIN13A(1749) Kinesin-13A2 NM_022113
NEB Nebulin NM_004543
PGD 6-Phosphogluconate dehydrogenase NM_002631
PKM2(531) Pyruvate kinase, muscle isoform 1 NM_002654
RAD50 DNA repair and recombination protein Rad50 NM_005732
SCYL1BP1 SCY1-like 1 binding protein 1 NM_152281
SKP1A(164) S-phase kinase-associated protein 1A, isoform b NM_006930
SNX4 Sorting nexin 4 NM_003794
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AlphaScreen acceptor beads, coupled to an HA-specific anti-
body, were added to the cell lysate along with an anti-myc
antibody coupled to biotin. Two hours later, AlphaScreen do-
nor beads coated with streptavidin were added, and again, the
sample was allowed to incubate for a couple of hours before
the luminescent signal was measured by an EnVision plate
reader. The presence of a distinct signal was detectable only
when the PRANC/F-box-like domain of M-T5 was present for
binding CUL1 (Fig. 3D, lanes 1 and 3). In contrast, the signal
was dramatically reduced when the PRANC/F-box-like do-

main of M-T5 was deleted (Fig. 3D, lane 2). Interestingly,
interaction between the M-T5 construct containing only
the PRANC/F-box-like domain (MT5�N-VII/myc-His) and
CUL1-GST was observed by AlphaScreen; however, when this
same construct was previously examined by GST pull-down,
this M-T5 PRANC-only construct was unable to bind either
Skp1 or CUL1 (Fig. 3A and B, lane 3). Furthermore, MT5�N-
VII/myc-His dissociated more rapidly from Skp1-GST than did
MT5/myc-His when binding was examined by Biacore (data
not shown). Thus, we propose that the half-life of the PRANC-

FIG. 2. Summary of constructs employed in this study. (A) Schematic representation of the M-T5 constructs used during this study. The first
residue for each of the seven predicted ANK repeats and the carboxy-terminal PRANC/F-box-like domain is indicated. All plasmids contain a
carboxy-terminal myc-His tag. (B) Immunoblot analysis of M-T5 constructs expressed by in vitro coupled transcription-translation, detected by a
myc-specific antibody. Bands of interest are indicated with stars. �, anti.
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FIG. 3. Skp1 and CUL1 members of the SCF complex bind M-T5 via the PRANC/F-box-like domain. The specified (�) combination of
plasmids that include HA-Skp1 (A) or HA-CUL1 (B) and a variety of myc-His-tagged fragments of M-T5 was transiently transfected into HEK
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only M-T5 complex with CUL1 might be shorter than that of
the full-length M-T5 protein with CUL1 and, thus, be detect-
able only by AlphaScreen and not by GST pull-down. To-
gether, these results demonstrate that Skp1 and CUL1 are
both potential cellular binding partners of M-T5 and that de-
letion of the carboxy-terminal PRANC/F-box-like domain
from M-T5 clearly abolishes protein-protein interactions with
both partners. However, since reticulocyte lysates possess en-
dogenous untagged SCF complex proteins, we wanted to de-
termine whether the CUL1 binding to M-T5 might be indirect,
via interactions to the Skp1 component of the SCF complex.

Skp1 serves as the direct adaptor protein that binds M-T5
to the SCF complex. In the SCF complexes, Skp1 generally
serves as a common adaptor that directly links the various
F-box proteins to CUL1. M-T5 has been shown by immuno-
precipitation and pull-down assays to coprecipitate with both
Skp1 and CUL1, suggesting that M-T5 might bind indirectly to
CUL1 through the direct interaction with Skp1 within the SCF
complex. Unfortunately, binding assays that utilize tagged pro-
teins expressed in transfected cells in vivo or in reticulocyte
translation assays in vitro are unable to discriminate between
direct and indirect interactions of the cellular proteins and

M-T5, because of the presence of endogenous pools of these
proteins. Thus, HA-MT5 coprecipitated with CUL1-GST fol-
lowing GST pull-down when coexpressed by in vitro coupled
transcription-translation (Fig. 4, lane 1). However, when en-
dogenous Skp1 was cleared first by immunoprecipitation with
anti-Skp1 antibody from the TNT lysate prior to the coexpres-
sion of HA-MT5 and CUL1-GST, the binding of M-T5 to
CUL1 was not detected following GST pull-down (Fig. 4, lane
2). This result clearly indicates that CUL1 binds to M-T5 only
when Skp1 (either tagged or untagged) is present.

To further confirm the role of Skp1 as the direct adaptor and
its ability to coordinate the binding of M-T5 and CUL1/SCF,
siRNAs were employed to downregulate the expression of
Skp1 in HEK 293 cells. Cells were cotransfected with Skp1-
specific siRNA, plus plasmids that express HA-CUL1 and one
of the various M-T5 constructs (MT5, MT5�PRANC, or
MT5�N-VII), and cells were harvested 2 days later and as-
sayed by AlphaScreen for protein-protein binding. Knockdown
of Skp1 expression (Fig. 5A, insert) significantly decreased the
binding interaction between the PRANC/F-box-like motif of
M-T5 and CUL1, as demonstrated by a reduction in Alpha-
Screen signal (Fig. 5A, lanes 2 and 4). In contrast, transfection
of control siRNA did not interrupt the binding interaction
between the viral and cellular proteins (Fig. 5A, lanes 1 and 3).

Collectively, these results demonstrate that the interaction be-
tween CUL1 and M-T5 is dependent upon the adaptor protein
Skp1, which functionally bridges M-T5 with CUL1 and the SCF
complex. Interestingly, siRNA-mediated knockdown of either
Skp1 or CUL1 expression in the human type II cancer cell line
786-0 considerably blocked replication of vMyx-gfp at 48 hpi
compared to cells transfected with control siRNA (Fig. 5B). No
replication of vMyx-T5KOgfp was observed (Fig. 5B) since these
particular type II cancer cells express low levels of endogenous
phosphorylated Akt and do not normally support MYXV repli-
cation in the absence of M-T5 (56). These findings demonstrate
how the interaction between M-T5 and the SCF complex signif-
icantly contributes to the permissiveness of MYXV replication in
these cells. Furthermore, these results provide further insights
into the molecular mechanism by which M-T5 functions via the
host cell SCF complex during viral infection.

Identification of the M-T5 ANK repeats essential for bind-
ing to cellular Akt. Almost all poxviruses express multiple
proteins containing ANK repeats, thus accounting for a large
superfamily of related but unique poxviral gene products (30).
Detailed analyses of the M-T5 sequence predicted the pres-
ence of approximately seven ANK repeat domains within the
amino terminus and central regions of the protein (Fig. 1A).
The functional significance for any of the specific ANK do-

293 cells or expressed by in vitro coupled transcription-translation. Samples were subjected to a GST pull-down assay, resolved by SDS-PAGE, and
probed with anti-myc antibody to detect coprecipitated proteins. Protein expression of HA-CUL1, HA-Skp1, and M-T5 fragments was detected
using anti-HA and anti-myc antibodies, respectively. (C) Principle of AlphaScreen detection for the interaction between an HA fusion host protein
(CUL1 or Akt) and the myc-His-tagged M-T5 fragment constructs. Excitation of a donor bead causes the conversion of ambient oxygen to the
singlet state. If a biomolecular interaction brings the acceptor bead within close proximity (
200 nm) to the donor bead, a cascade of
chemiluminescence occurs, resulting in the emission of a characteristic fluorescent signal between 520 and 620 nm. Conversely, if binding between
bead-bound proteins does not occur, the distance between donor and acceptor beads is too great for the oxygen singlet to migrate, and no emission
signal is produced. Biotin-conjugated anti-myc antibody is used to indirectly link streptavidin-coated acceptor beads to myc-His-tagged protein. (D)
Cell lysates were harvested after 48 h and incubated with biotin-conjugated anti-myc antibody and donor/acceptor beads before an AlphaScreen
assay was performed. Each sample was performed in triplicate, and the standard deviation is represented by the error bars. �, anti.

FIG. 4. Binding of M-T5 to the SCF complex is dependent upon
Skp1. The plasmids HA-MT5 and CUL1-GST were expressed by in
vitro coupled transcription-translation and subjected to a GST pull-
down assay. Precipitates and total lysate were immunoblotted and
probed with anti-HA antibody to detect coprecipitated proteins. Prior
to the addition of plasmids, Skp1 was precleared by immunoprecipi-
tation from the TNT lysate using anti-Skp1 antibody (lane 2). Expres-
sion levels of the endogenous Skp1, HA-MT5, and CUL1-GST were
confirmed using the designated antibodies. Bands of interest are indi-
cated with arrowheads. �, anti.
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mains in M-T5 has yet to be identified; however, it is reason-
able to predict that they facilitate protein-protein interactions
with host targets critical for viral replication. Since the ANK
repeat is one of the most common protein-protein interaction
motifs found in nature (32), it can be hypothesized that one or
more of these ANK domains function as the docking site for
binding viral or cellular substrate proteins.

The host protein, Akt, was previously demonstrated to bind
M-T5, by coimmunoprecipitation assays; however, the details of
this interaction were not fully investigated at the molecular level
(56). To investigate this protein-protein interaction in greater
detail, HEK 293 cells were cotransfected with one of the various
M-T5 fragment constructs fused to myc/His (Fig. 2A) together
with HA-Akt, and cell lysates were assayed for binding by Al-

phaScreen. The presence of a distinct emission signal was detect-
able when full-length M-T5 (MT5/myc-His) was available for
binding HA-Akt (Fig. 6A, lane 1); likewise, deletion of the first 31
amino acids at the amino terminus of M-T5 (MT5�N/myc-His)
did not affect binding (Fig. 6A, lane 2). However, deletion of the
first ANK repeat (MT5�N-I/myc-His and MT5�I/myc-His) re-
duced the binding affinity between the two proteins by approxi-
mately half (Fig. 6A, lanes 3 and 10). Furthermore, deletion of
both ANK I plus II completely abolished the interaction between
M-T5 and Akt, as demonstrated by the significant decrease in the
emission signal for all the constructs tested (Fig. 6A, lanes 4 to 9
and 12). Interestingly, internal deletion of ANK II only (MT5�II/
myc-His) was also able to ablate binding (Fig. 6A, lane 11); how-
ever, whenever ANK I and II were both present, the interaction

FIG. 5. Knockdown of Skp1 with siRNA disrupts binding of M-T5 to the SCF complex. (A) HEK 293 cells were transfected with either control
(dark bars) or Skp1-specific (light bars) siRNA and the indicated (�) combination of plasmids. Harvested after 48 h, cell lysates were assayed for
binding by AlphaScreen as described in the legend for Fig. 3. Knockdown of Skp1 protein expression by the siRNA treatment in HEK 293 cells
was determined by Western blot analysis (inset). (B) The type II human cancer cell line 786-0 (56) was mock transfected or transfected with either
control or Skp1- or CUL1-specific siRNA and, 24 h later, was infected with vMyx-gfp or vMyx-T5KOgfp at an MOI of 0.1. Viral focus formation
was measured at 48 hpi by fluorescence microscopy. �, anti.
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between M-T5 and Akt appeared to be maintained (Fig. 6A,
lanes 1, 2, and 13 to 15).

Next, GST pull-downs were performed to confirm the interaction
between Akt and the ANK I and II domains of M-T5. Individual
M-T5–myc/His fragment constructs were coexpressed with Akt-GST
by in vitro coupled transcription-translation and incubated with
GST-coated beads overnight. Precipitated complexes were resolved
by SDS-PAGE and only those M-T5 constructs which contained
both ANK I and II were detected when immunoblotted with an

anti-myc antibody (Fig. 6B, lanes 1, 5, and 6). Similarly, coimmuno-
precipitation of M-T5 fragment constructs containing both ANK I
and II was observed when endogenous untagged Akt was immuno-
precipitated using an Akt-specific antibody (Fig. 6C, lanes 1, 5, and
6). In both experiments, interaction between Akt and M-T5 frag-
ments lacking ANK I and/or II was not detected (Fig. 6B and C,
lanes 2, 3, and 4). Taken in aggregate, these data clearly demonstrate
that the composite ANK I-II domain of M-T5 is critical for binding
to cellular Akt.

FIG. 6. ANK repeats I and II of M-T5 are critical for binding Akt. The plasmids HA-Akt and a variety of myc-His-tagged M-T5 fragments (Fig.
2A) were transiently transfected into HEK 293 cells or expressed by in vitro coupled transcription-translation in the indicated (�) combinations.
(A) Cell lysates were collected 48 h following plasmid transfection and assayed for binding by AlphaScreen as described in the legend for Fig. 3.
(B) GST recombinant proteins were pulled down with glutathione agarose beads, and the associated proteins were resolved by SDS-PAGE and
analyzed by immunoblotting with anti-myc antibody. (C) Endogenous untagged Akt protein was immunoprecipitated with anti-Akt antibody, and
samples were analyzed by SDS-PAGE and probed with anti-myc antibody to detect coprecipitated proteins. The specified antibodies were used
to detect the protein expression of HA-Akt, Akt-GST, endogenous Akt, and myc-His-tagged M-T5 fragments. Bands of interest are indicated with
stars and arrowheads. �, anti.
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M-T5 functions as a molecular scaffold that binds Akt and
the SCF complex simultaneously. Functional diversity among
ANK repeat proteins suggests that the motif is far more im-
portant structurally as scaffolding modules than in an enzy-
matic role (42). Thus, the potential of viral ANK repeat pro-
teins to operate as a molecular scaffold may provide poxviruses
a mechanism to generate novel protein-protein interactions
fundamental to successful viral replication. Results from this

study and previous reports have shown that M-T5 can inde-
pendently bind CUL1/Skp1/SCF (Fig. 3) (20) and Akt (Fig. 5)
(56); however, the potential ability of M-T5 to bind both cel-
lular partner complexes simultaneously had not been exam-
ined. To determine if M-T5 functions as a molecular scaffold
that can link Akt directly with the SCF complex, HEK 293 cells
were cotransfected with HA-Akt, Flag-CUL1, and one
of the various myc-His-tagged M-T5 constructs (MT5,

FIG. 7. M-T5 binds Akt and SCF components simultaneously. The indicated (�) combinations of plasmids were used to transiently transfect HEK
293 cells or were expressed by in vitro coupled transcription-translation. (A) After being harvested 48 h after transfection, cell lysates were subjected to
an AlphaScreen binding assay as described in the legend for Fig. 3. (B) Cells were infected with vMyx-lac (lanes 1 to 4) or vMyx-T5KO (lanes 4 to 8)
or were mock infected (lanes 9 to 12) the day following transfection. At 48 hpi, cell lysates were collected and assayed for protein-protein binding by
AlphaScreen. (C) Antibody specific for Akt (anti-Akt) was used to immunoprecipitate Akt bound protein complexes in mock-infected cells or cells
infected with vMyx-T5KO or vMyx-lac. Immunoblot analysis by SDS-PAGE detected the resulting protein complexes with anti-Skp1 antibody. (D) En-
dogenous Skp1 protein was immunoprecipitated (IP) with anti-Skp1 antibody in samples that expressed HA-MT5 by in vitro coupled transcription-
translation. Detection of Akt coimmunoprecipitation was determined by Western blot analysis by the use of Akt-specific antibody (anti-Akt). Protein
expression of HA-CUL1, HA-Skp1, and M-T5 fragments was detected using the designated antibodies. �, anti.

12078 WERDEN ET AL. J. VIROL.



MT5�PRANC, or MT5�N-VII). The following day, cell ly-
sates were collected and assayed for binding by AlphaScreen.
In Fig. 7A, we show that HA-Akt and Flag-CUL1 do not
directly interact (Fig. 7A, lane 6); however, the addition of
M-T5 (MT5/myc-His) elevated the emission signal dramati-
cally (Fig. 7A, lane 1). In contrast, deletion of either the
PRANC/F-box-like domain (Fig. 7A, lane 2) or the ANK I and
II domain (Fig. 7A, lane 3) from M-T5 significantly reduced
the capacity of the viral M-T5 protein to bridge HA-Akt with
Flag-CUL1. As a control, cells cotransfected with MT5/myc-
His and either HA-Akt or Flag-CUL1 alone did not produce a
significant emission signal when binding was analyzed (Fig. 7A,
lanes 5 and 6). Although Flag-CUL1 will indirectly bind to the
acceptor bead via the biotin-conjugated anti-Flag antibody, the
donor bead which is coated with an HA-specific antibody will
not recognize the myc-His epitope expressed by M-T5. As a
result, the interaction between M-T5 and CUL1 was not de-
tected based on the design of this experiment. The same prin-
ciple applies to HA-Akt, which binds directly to the donor
beads.

To confirm the ability of M-T5 to simultaneously bind the
cellular proteins in virus-infected cells, HEK 293 cells were
first cotransfected with HA-Akt plus Flag-CUL1 and then in-
fected with either vMyx-lac or vMyx-T5KO the following day.
Specific binding interaction between Akt and CUL1, as indi-
cated by the elevated emission signal, was observed only when
cells were infected with wild-type MYXV (Fig. 7B, lane 4). In
contrast, cells that were mock infected (Fig. 7B, lane 12) or
infected with MYXV that does not express the M-T5 gene
product (Fig. 7B, lane 8) produced only a low emission signal,
indicating that the M-T5 protein bridges Akt with components
of the SCF complex in MYXV-infected cells. These results are
congruent with the M-T5 binding data (Fig. 3 and 5) and
suggest that the viral M-T5 protein has the capacity to bind
Akt and CUL1-containing SCF simultaneously during viral
infection.

Next, to verify that Skp1 is also within the SCF complex that
binds Akt in the presence of M-T5, HEK 293 cells were either
mock infected or infected with vMyx-lac (that expresses M-T5)
or vMyx-T5KO, and at 48 hpi, untagged cellular Akt was im-
munoprecipitated from the cellular lysate with an anti-Akt
antibody. Coimmunoprecipitation of Skp1 was observed only
in cells infected with the wild-type virus that expresses M-T5,
and not in mock- or vMyx-T5KO-infected cells (Fig. 7C). Sim-
ilarly, coimmunoprecipitation of endogenous Akt was detected
only when full-length M-T5 (MT5/myc-His) was coexpressed
by in vitro coupled transcription-translation (Fig. 7D, lane 1).
In contrast, Akt coimmunoprecipitation with Skp1 was not
identified in TNT lysates that expressed either MT5�I-II or
MT5�PRANC (Fig. 7D, lanes 2 and 3). Collectively, the re-
sults clearly demonstrate that M-T5 operates as a scaffolding
protein to bridge two distinct cellular binding partners—Akt
and the SCF complex—that contain both CUL1 and Skp1,
during viral infection.

Cellular localization of Akt is influenced by M-T5 during
virus infection. The potential capacity of poxviral ANK repeat
proteins to operate as molecular scaffolds to link disparate
cellular partners together may result in novel cross communi-
cation between distinct host signaling pathways that are nor-
mally independent of one another. Such modifications of the

host cellular signaling networks, induced by poxvirus-encoded
host range genes, would thus be critical in establishing an
environment within the host crucial for successful virus repli-
cation. Confocal immunofluorescence microscopy was used to
examine the ability of M-T5 to alter the cellular localization of
Akt and/or members of the SCF complex in the context of a
viral infection (Fig. 8A). Briefly, HeLa cells were transfected
with HA-CUL1 and, 2 days later, were mock infected or in-
fected with vMyx-lac or vMyx-T5KO for 4 h (M-T5 is expressed
early during infection). Cells were fixed with 4% paraformal-
dehyde and permeabilized with 1% Triton X-100. Then, rabbit
polyclonal anti-Akt antibody (to monitor untagged cellular
Akt) and a mouse monoclonal antibody against HA (to mon-
itor the HA-tagged CUL1) were applied to the samples, and
the protein localizations were assessed by counterstaining with
fluorescently labeled secondary antibodies. In both the mock
control and vMyx-T5KO-infected cells, Akt was abundantly
detected in the nucleus, colocalizing with the DNA stain
DAPI. Smaller amounts of Akt also appeared to be located at
the plasma membrane, where the protein is thought to reside
when phosphorylated and activated. In contrast, within cells
infected with wild-type MYXV that expresses M-T5, signifi-
cant relocalization of Akt, predominantly from the nucleus to
the cytoplasm, was observed. In contrast, we did not observe
any obvious cellular relocalization of CUL1 in either the pres-
ence or absence of virus. Thus, in MYXV-infected cells, there
was no obvious relocalization of CUL1-containing SCF com-
plex (which remained in the cytoplasm), but a fraction of the
nuclear pool of Akt was specifically relocalized from the nu-
cleus to the cytoplasm only when M-T5 was present. Thus, the
results support our previous data and demonstrate the ability
of M-T5 to simultaneously interact with both Akt and the
SCF complex. To further examine the relocalization of Akt
following vMyx-lac infection, the cellular distribution of Akt
was examined. HeLa cells were infected with either vMyx-lac
or vMyx-T5KO, and cells were collected at various time points
after infection. Nuclear and cytoplasmic extracts were isolated
and separated by SDS-PAGE, and blots were probed with an
Akt-specific antibody. Cellular distribution of Akt was deter-
mined by quantifying the level of Akt present in both the
nucleus and cytoplasm by densitometry (Fig. 8B). Initially, Akt
resided predominantly within the nucleus; however, 4 hours
following vMyx-lac infection, the cytoplasmic levels of Akt
increased and remained elevated for up to 24 h, while during
the same time period, the level of Akt present in the nucleus
decreased. In stark contrast, relatively no change in the level of
Akt localized to the nucleus was observed in cells infected with
vMyx-T5KO. Furthermore, lower Akt levels were observed in
the cytoplasmic samples after vMyx-T5KO infection. The data
suggest that expression of M-T5 by MYXV appears to induce
at least some of the nuclear Akt to migrate to the cytoplasm
with the CUL1/SCF complexes.

DISCUSSION

Generally speaking, most poxviruses exhibit a narrow or
restricted host range in which the distinct tropism is linked with
the unique repertoire of host range genes expressed by each
individual virus (28). During poxviral infection, these host
range genes contribute significantly to modulating the intracel-
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FIG. 8. Relocalization of Akt in MYXV-infected cells requires M-T5. (A) The cellular localization of endogenous Akt (fluorescein isothio-
cyanate [green]) and transiently transfected HA-CUL1 (Texas Red [red]) was assayed in HeLa cells mock infected (A to C) or infected with either
vMyx-lac (D to F) or vMyx-T5KO (G to I). Nuclei (blue) were detected using DAPI reagent, as shown in merged panels C, F, and I. (B) HeLa
cells were infected with either vMyx-lac (dark bars) or vMyx-T5KO (white bars) and collected at 0, 1, 4, 8, 12, and 24 hpi. Nuclear and cytoplasmic
extracts were isolated and separated by SDS-PAGE, and blots were probed with an Akt-specific antibody. Cellular distribution of Akt was
determined by quantifying the level of Akt present in both the nucleus and cytoplasm by densitometry (Molecular Imaging software; Kodak).
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lular environment by specifically targeting a diverse array of
cellular factors and pathways to establish optimal conditions
for permissive viral replication (29, 43). Many of the known
poxviral host range genes are not only functionally diverse but
also demonstrate a wide spectrum of biochemical and struc-
tural characteristics (59). The ANK repeat has been noted
within many poxvirus host range factors from different genera,
such as K1L from vaccinia virus and CHOhr from cowpox
virus, both of which are orthopoxviruses, and M-T5 of MYXV,
which is a Leporipoxvirus. Generally, this unique family of
poxvirus-encoded proteins are 400 to 600 amino acids in size
and contain 5 to 10 ANK repeats and a carboxy-terminal
PRANC/F-box-like domain (30). The cellular versions of the
F-box domain commonly exist in concert with additional pro-
tein-protein interaction motifs, such as WD repeats or leucine-
rich repeats (LRR), which are thought to mediate substrate
specificity (22, 46). The presence of the ANK repeat motifs
within F-box proteins is exclusive to poxviral proteins, suggest-
ing that the collaborative role of these distinct binding domains
likely provides poxviruses novel strategies to regulate key cel-
lular pathways that mediate pathogenesis and tropism.

Across six of the eight genera of poxviruses that possess
members which encode these ANK repeat proteins, the
PRANC domain is relatively well conserved, which would sug-
gest that this is a common mechanism used by most poxviruses
to mediate regulation of the ubiquitin-proteasome pathway
(48). Like many previously characterized cellular F-box pro-
teins, all four MYXV-encoded ANK/PRANC repeat proteins
were demonstrated to interact directly with the common core
SCF adaptor component, Skp1 (Fig. 1C). These four MYXV
proteins add to a growing list of ANK repeat-containing pox-
viral proteins, which bind to the Skp1 component of the SCF
complex via a carboxy-terminal PRANC/F-box-like domain
(48, 49, 53). However, the identification of other cellular sub-
strates for the poxviral ANK/PRANC protein family members,
either cellular or viral, has proven to be a major obstacle. For
example, M150 of MYXV has been reported to colocalize with
NF-�B in the nucleus following stimulation of TNF-�; how-
ever, direct binding studies have not yet been performed to
verify this interaction (8). In another study, a Y2H screen was
performed to identify cellular binding partners for the 68-kDa
ANK repeat protein encoded by modified vaccinia virus An-
kara; interestingly, 99% of the analyzed positive interactions
were with cellular Skp1 (49). When the unique variola virus
ORFs were screened by Y2H, one of the identified partners of
an ANK repeat protein, called G1R, was identified as Skp1
(31). In this study, multiple independent human cDNA librar-
ies were screened by Y2H for potential binding partners of
M-T5, and a total of 13 unique potential host protein interac-
tions were identified (Table 3). Aside from Skp1, all proteins
were novel potential M-T5 binding partners and have not been
previously reported, but their verification as true binding part-
ners in virus-infected cells remains to be confirmed.

Significantly, Akt was not identified as an M-T5 binding
partner by the Y2H screen; however, the protein-protein in-
teraction between Akt and M-T5 may be strictly dependent
upon the phosphorylation status of Akt (our unpublished
data). Phosphorylation of Akt at residues Thr308 and Ser473
regulates the kinase activity and, consequently, may also affect
the binding of M-T5. If this is the case, then proper phosphor-

ylation of Akt would likely not occur during the Y2H screen,
which may help to explain the failure of the Y2H screen with
M-T5 to identify Akt as a potential binding partner. Further-
more, Skp1, but not CUL1, was identified as a direct M-T5
binding partner, reaffirming our contention that the direct
binding interaction is between M-T5 and Skp1, while binding
to CUL1 is indirect, by virtue of being a component of the
larger SCF complex that is ubiquitously found in cells and
cellular lysates. The Y2H system has become an increasingly
important tool for identifying and mapping novel protein-pro-
tein interactions; however, like any high-throughput assay, all
hits must be verified by other methods to eliminate false pos-
itives that are not biologically relevant. Future studies will
focus on validating these potential binding partners of M-T5
identified by the Y2H screen, using complementary methods,
such as AlphaScreen, coimmunoprecipitation, and GST pull-
down experiments. Deconstructing the intricate interactions
between virus host range proteins and their host interacting
proteins will be particularly useful to decipher the targets for
this class of viral ANK repeat proteins during viral infection.

Using a combination of experimental approaches, we suc-
cessfully demonstrate that M-T5 binds to the SCF complex via
the adaptor protein Skp1 by means of the carboxy-terminal
PRANC/F-box-like domain (Fig. 3 and 4). Previous studies
reported that cellular F-box proteins without WD or LRR
motifs can also bind to SCF components in vivo (9). Likewise,
the ORF008 protein encoded by ORF virus was able to directly
interact with Skp1, even following the deletion of all the ANK
repeats (48). Conversely, binding between components of the
SCF complex and the ectromelia virus ANK repeat protein
ECT005 was abrogated when the ANK repeat domains of the
viral protein were removed (53). In the case of M-T5, CUL1
interacted with both M-T5 and a mutant of M-T5 lacking all
the ANK repeats, when analyzed by AlphaScreen (Fig. 3D).
However, the GST pull-down protocol could detect M-T5
binding with CUL1 only when the ANK repeats of M-T5 were
present (Fig. 3A and B), suggesting that the ANK repeat do-
mains may contribute to the stability of the interaction be-
tween M-T5 and components of the SCF complex. We propose
that stability of the complex formed between the solitary
PRANC/F-box-like domain of M-T5 and SCF is compromised
in the absence of the ANK domains, making the more-tran-
sient interactions difficult to identify when using methods that
rely upon the complex having a longer half-life, such as GST
pull-downs or coimmunoprecipitations, to assay the com-
plexes. AlphaScreen provides greater sensitivity and is much
more rapid than the above-mentioned assays and, therefore,
may be a more sensitive method to measure more-transient
interactions between potential binding partners that have
shorter half-lives.

The cellular SCF complex plays a critical role in the selective
degradation of regulatory proteins that mediate the cell cycle,
particularly the cyclin-dependent kinase inhibitor p27/Kip1
(12). Generally, substrates are recognized by the SCF complex
after they have been phosphorylated on specific epitopes (11).
Phosphorylation of p27/Kip1 at threonine 187 by active cyclin
E- or cyclin A-CDK2 provides a recognition site for the bind-
ing of Skp2 and subsequent degradation via the ubiquitin-
proteasome pathway (34, 44, 55). Consequently, in the absence
of p27/Kip1, the cell cycle is permitted to progress beyond G1
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arrest and enter S phase (55). During MYXV infection, when
M-T5 is expressed, enhanced phosphorylation, ubiquitination,
and degradation of p27/Kip1 were observed, whereas in the
absence of M-T5, levels of p27/Kip1 were selectively increased,
consistent with its reduced phosphorylation and ubiquitina-
tion. Moreover, cells infected with vMyx-T5KO specifically
entered cell cycle arrest and accumulated at G0/G1, whereas in
the presence of virus that expresses M-T5, the viral protein was
shown to promote cell cycle progression beyond the G0/G1

checkpoint during virus infection (20). Note that p27/Kip1 is
known to be a substrate of activated Akt and that the phos-
phorylation of p27/Kip1 at site threonine 157 by Akt causes
retention of p27/Kip1 in the cytoplasm and failure to induce G1

arrest (14, 54). Recent studies have shown that Akt-dependent
phosphorylation leads to the cytoplasmic translocation of Skp2
and assembly of the SCF complex (15, 25). Interestingly, the
interaction between M-T5 and Akt has been demonstrated to
induce the activation of Akt in certain human cancer cells
called type II, which is a key determinant for permissive
MYXV replication in these particular cells (56). The current
results suggest that bridging of the SCF complex to Akt by
M-T5, as demonstrated in Fig. 7, may directly enhance the
activation of Akt that becomes localized to the SCF complex
and contribute to the concurrent phosphorylation and proteo-
lytic degradation of p27/Kip1. Interestingly, there is no evi-
dence that Akt itself is subject to any excessive degradation as
a consequence of its relocalization to the SCF complex, sug-
gesting that the Akt/M-T5/SCF complex functions to increase
the range of Akt targets, and not to ferry Akt into the protea-
some.

The ability of M-T5 to function as a molecular bifunctional
adaptor defines a novel mechanism by which a viral host range
protein can influence two distinct signaling pathways, conse-
quently altering the intracellular environment to promote viral
replication. However, more details are necessary to further
characterize the functional role of M-T5 and its coordinated
interaction with the cellular SCF complex and various sub-
strates, such as Akt, during viral infection. Recently, another
poxvirus host range protein, CP77, has been demonstrated to
bind both the SCF complex and the NF-�B subunit p65, which
blocks NF-�B activation by TNF-� (10). The capacity of pox-
viral ANK/PRANC proteins to function as molecular scaffolds
may coordinate the cross communication between host signal-
ing pathways that normally function independently. At the
molecular level, such viral proteins have the potential to re-
configure intracellular signaling networks into downstream ef-
fects which may have previously not existed due to spatial or
temporal constraints but may be crucial for viral replication.

Poxviruses are known to specifically target and manipulate a
variety of signaling networks that regulate critical cellular pro-
cesses. In addition to the ANK/PRANC subfamily of proteins,
poxviruses have evolved additional strategies to subvert the
host ubiquitination pathway (64). For example, poxviral pro-
teins which contain Broad-complex, Tramtrack, Bric-a-Brac
(BTB), and kelch domains have been shown to interact with
cullin 3 ubiquitin ligases (23, 61). Furthermore, the p28 protein
encoded by ectromelia virus contains a single-subunit RING
(really interesting new gene) finger which functions as a viral
E3 ubiquitin ligase (18, 35). This protein is highly conserved
among orthopoxviruses; however, in the vaccinia virus strains

Copenhagen and Western Reserve and modified vaccinia virus
Ankara, the p28 gene products are either truncated or inter-
rupted. Another E3 ubiquitin ligase, M153R of MYXV, is a
membrane-associated RING-CH (MARCH) protein that
downregulates host cell surface expression of major histocom-
patibility complex class I, the proapoptotic factor CD95 (Fas),
the activated leukocyte cell adhesion molecule, and CD4 (2,
17, 27). Many other viruses, including several small DNA tu-
mor viruses (adenoviruses, papillomaviruses, and polyomavi-
ruses), have also been demonstrated to manipulate the ubiq-
uitin pathway by the use of various strategies (4). In fact,
degradation of p53 by human papillomavirus type 16 and 18 E6
proteins was the first documented virally encoded protein to
specifically target this signaling network (1, 38, 39).

In summary, viruses such as poxviruses encode a myriad of
proteins that have the capacity to hijack the ubiquitin-protea-
somal pathway, for example, to target and eliminate unwanted
cellular proteins, such as inhibitors of the cell cycle or various
antiviral factors that would otherwise function to block viral
replication. Understanding the mechanisms by which viral host
range proteins interact with host factors and signaling net-
works should continue to provide invaluable insights into how
vital cellular networks can be reprogrammed by viral factors to
increase virus survival at the cellular level.
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