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Abstract

Cellular proteins containing BTB and kelch domains have been shown to function as adapters for
the recruitment of substrates to cullin-3-based ubiquitin ligases. Poxviruses are the only family of
viruses known to encode multiple BTB/kelch proteins, suggesting that poxviruses may modulate the
ubiquitin pathway through interaction with cullin-3. Ectromelia virus encodes four BTB/kelch
proteins and one BTB-only protein. Here we demonstrate that two of the ectromelia virus encoded
BTB/kelch proteins, EVM150 and EVM167, interacted with cullin-3. Similar to cellular BTB
proteins, the BTB domain of EVM150 and EVM167 was necessary and sufficient for cullin-3
interaction. During infection, EVM150 and EVM167 localized to discrete cytoplasmic regions,
which co-localized with cullin-3. Furthermore, EVM150 and EVM167 co-localized and interacted
with conjugated ubiquitin, as demonstrated by confocal microscopy and co-immunoprecipitation.
Our findings suggest that the ectromelia virus encoded BTB/kelch proteins, EVM150 and EVM167,
interact with cullin-3 potentially functioning to recruit unidentified substrates for ubiquitination.
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Introduction

In order to survive within the host, viruses have evolved an array of sophisticated mechanisms
to evade the host anti-viral immune response (Finlay and McFadden, 2006; Tortorella et al.,
2000). Typically, viral immune evasion mechanisms are directed towards the deregulation of
anti-viral pathways such as apoptosis, antigen presentation, and cytokine activity (Finlay and
McFadden, 2006; Tortorella et al., 2000). More recently, however, it has become clear that
many viruses also regulate the ubiquitin protein modification pathway in order to ensure their
survival (Banks et al., 2003; Shackelford and Pagano, 2005). Protein ubiquitination, which has
emerged as a major mechanism for the control of protein degradation, regulates important
cellular processes such as cell cycle, DNA repair, signal transduction, transcription, and antigen
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presentation (Pickart, 2001; Weissman, 2001). Ubiquitin is an evolutionarily conserved 76
amino acid protein that is covalently attached to proteins post-translationally (Pickart, 2001;
Weissman, 2001). The addition of ubiquitin to target proteins results in either mono-
ubiquitination, leading to the modification of protein function, or poly-ubiquitination, which
typically targets proteins for degradation via the 26S proteasome (Pickart, 2001; Weissman,
2001). The specific addition of ubiquitin to protein substrates is a well-defined, multi-step
process that requires a ubiquitin activation enzyme (E1), ubiquitin conjugating enzymes (E2),
and ubiquitin ligases (E3) (Pickart, 2001; Weissman, 2001). Once activated, ubiquitin is
transferred to a ubiquitin conjugating enzyme, and a ubiquitin ligase catalyses the transfer of
ubiquitin from the conjugating enzyme to the substrate protein (Hatakeyama and Nakayama,
2003; Huibregtse et al., 1995; Joazeiro and Weissman, 2000). The human genome encodes an
abundance of ubiquitin ligases, which function to provide substrate specificity through the
recognition of target proteins and the subsequent conjugation of ubiquitin.

The multi-protein ubiquitin ligases include a family of conserved proteins referred to as cullins
(Kipreos et al., 1996; Mathias et al., 1996). Cullin-based ubiquitin ligases contain one of seven
cullin family members, cullin 1, 2, 3, 4a, 4b, 5and 7. The cullin protein functions as a molecular
scaffold for the RING-finger containing protein, Rocl, which facilitates the transfer of
ubiquitin to a substrate protein (Ohta et al., 1999a). Substrate recruitment to cullin-based
ubiquitin ligases occurs through specific linker and adapter proteins (Cardozo and Pagano,
2004; Petroski and Deshaies, 2005). Recently, proteins containing BTB domains, also known
as Bric-a-Brac, Tramtrack, Broad complex or POZ domains, were shown to function as
substrate specific adapters for the cullin-3 ubiquitin ligase complex (Furukawa et al., 2003;
Geyer et al., 2003; Pintard et al., 2003b; Xu et al., 2003). Unlike other members of the cullin
family which require separate linker and adapter proteins to recruit substrates to the ubiquitin
ligase complex, cullin-3 substrates are recruited through a single protein containing a BTB
domain as a linker to cullin-3 and a second protein:protein interaction domain, such as Kelch
or MATH domain which interact with substrates (Furukawa et al., 2003; Geyer et al., 2003;
Pintard et al., 2003b; Xu et al., 2003). The human genome encodes over 200 BTB domain-
containing proteins, indicative of awide range of potential substrate adapters for cullin-3-based
ubiquitin ligases (http://www.sanger.ac.uk/Software/Pfam) (Bateman et al., 2000).

The sophisticated mechanisms utilized by viruses to counteract host anti-viral responses have
become increasingly apparent, particularly when examining virus modulation of the ubiquitin
pathway. Recent research has demonstrated that a number of viruses encode their own ubiquitin
ligases. For example, herpes simplex virus encodes ICPO, a RING-finger containing protein
that is required for lytic infection and reactivation from latency (Boutell et al., 2002; Everett,
2000). Members of the gamma-herpesvirus family regulate the levels of cell surface molecules,
such as MHC class I, ICAM-1 and B7, through the expression of a membrane bound ubiquitin
ligase (Coscoy and Ganem, 2001; Ishido et al., 2000; Lorenzo et al., 2002; Stevenson et al.,
2000). In a similar fashion, M153R, encoded by myxoma virus, mediates the degradation of
MHC class | and CD4 molecules (Guerin et al., 2002; Mansouri et al., 2003). Additionally,
multiple members of the poxvirus family encode RING-finger containing proteins that are
predicted to function as ubiquitin ligases (Afonso et al., 2000; Huang et al., 2004; Nerenberg
et al., 2005). We recently demonstrated that the poxviral RING-finger containing protein p28
functions as a ubiquitin ligase mediating the formation of polyubiquitin conjugates (Huang et
al., 2004; Nerenberg et al., 2005). In addition to encoding ubiquitin ligases, viruses have also
evolved mechanisms to redirect specific substrates to cellular cullin-based ubiquitin ligases
(Barry and Fruh, 2006). For example, the HIV protein Vif promotes APOBEC3G degradation
through a cullin-5 based ubiquitin ligase (Yu et al., 2003). Similarly, paramyxovirus protein
V prevents interferon signaling by degrading STAT3 through a cullin-4a-based ubiquitin
ligase, while the adenovirus E4orf6 protein recruits p53 to a cullin-5-based ubiquitin ligase
inducing p53 degradation (Querido et al., 2001; Ulane and Horvath, 2002). In addition,
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members of the poxvirus family encode multiple BTB/kelch proteins, suggesting that like their
cellular counterparts the viral BTB/kelch proteins may function as cullin-3 substrate specific
adapters (Shchelkunov et al., 2002; Totmenin et al., 2002).

Poxviruses are currently the only viruses known to encode BTB/kelch proteins. Although, the
presence of BTB/kelch domains were first documented in poxviruses more than 10 years ago,
the specific function of the poxvirus BTB/kelch proteins is currently undefined (Koonin et al.,
1992; Senkevich et al., 1993). Multiple BTB/kelch proteins are present in a wide range of
poxviruses and genome analysis has revealed the presence of over 100 BTB/kelch proteins,
which are subdivided into six BTB/kelch protein families (Ehlers et al., 2002; Shchelkunov et
al., 2002). Proteins representing four of the BTB/kelch families are encoded within the genome
of ectromelia virus strain Moscow, the causative agent of mousepox (Chen et al., 2003). Our
studies have shown that at least two of the ectromelia virus encoded BTB/kelch proteins,
EVM150 and EVM167, interact with cullin-3 and that the BTB domain is both necessary and
sufficient for cullin-3 interaction. EVM150 and EVM167 co-localize with both cullin-3 and
conjugated ubiquitin to discrete punctate regions within the cytoplasm of infected cells and
EVM150 and EVM167 co-precipitate with conjugated ubiquitin. Our observations, which
describe the first function for EVM150 and EVM167, suggest that the BTB/kelch proteins
function by modulating the ubiquitin pathway through an interaction with cullin-3-based
ubiquitin ligases.

Ectromelia virus encodes four BTB/kelch proteins and one BTB-only protein

Members of the poxvirus family contain multiple genes encoding proteins with both BTB and
kelch domains (Shchelkunov et al., 2002; Totmenin et al., 2002). Although the poxvirus BTB/
kelch genes were identified more than 10 years ago, the specific function of these proteins
during infection remains unknown (Koonin et al., 1992; Senkevich et al., 1993). Ectromelia
virus, the causative agent of mousepox, is predicted to express four BTB/kelch proteins,
encoded by EVMO018, EVMO027, EVM150, and EVM167, and one BTB-only containing
protein, EVMO004 (Chen et al., 2003; Esteban and Buller, 2005). All the ectromelia virus BTB-
containing genes are located within regions of the genome that typically encode proteins
important for modulating the host immune response and cellular signaling (Chen et al.,
2003). Although the overall sequence similarity is typically low between BTB family members,
BTB domains share a conserved secondary structure composed of a series of alpha helices and
beta sheets (Stogios et al., 2005). Figure 1A shows the five BTB containing proteins encoded
by ectromelia virus and the BTB domain of Keapl, a cellular BTB/kelch-containing protein
(Stogios et al., 2005). The predicted secondary structure was overlayed onto the sequences and
similar to Keapl, EVMO004, EVMO018, EVMO027, EVM150, and EVM167 are predicted to form
a core BTB fold composed of alpha helices and beta sheets (Stogios et al., 2005) (Fig. 1A).
Additionally, EVMO018, EVMO027, EVM150 and EVM167 also contain a series of
evolutionarily conserved C-terminal kelch repeats of 44 to 56 amino acids in size that are
characterized by conserved double glycine residues and aromatic residues (Adams et al.,
2000). Sequence alignments indicate that EVMO018 and EVM167 contain three kelch repeats,
while EVMO027 and EVM150 contain four and five kelch repeats, respectively (Fig. 1B and
Fig. 2A).

To determine if the ectromelia virus BTB-containing genes were transcribed during infection
we examined mRNA levels using RT-PCR. After infecting CV-1 cells with ectromelia virus
strain Moscow, RNA was extracted at the indicated time points and subjected to RT-PCR using
primers specific for each BTB domain. In all cases, transcripts were detected at 4, 12 and 24
hours post infection (Fig. 2B). In the presence of cytosine arabinoside, an inhibitor of DNA
synthesis and, therefore, an inhibitor of poxvirus late gene expression, transcripts were still
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detected for EVMO004, EVMO018, EVMO027, EVM150, and EVM167, indicating that the BTB-
containing genes were transcribed early during infection (Fig. 2B). In contrast, transcripts for
EVMO058, which encodes a homologue to the vaccinia virus I15L gene, a predicted late gene,
were not detected in presence of cytosine arabinoside (Fig. 2B).

EVM150 and EVM167 interact with cullin-3

Cellular proteins containing both BTB and kelch domains have been shown to function as
adapter proteins for cullin-3-based ubiquitin ligases (Furukawa et al., 2003; Geyer et al.,
2003; Pintard et al., 2003b; Xu et al., 2003). The BTB domain interacts with cullin-3, while
the kelch domain specifically recruits proteins to the cullin-3 complex for ubiquitination (Fig.
3A). EVMO018, EVMO027, EVM150, and EVM167 all contain N-terminal BTB domains
followed by a series of conserved kelch repeats, suggesting that the ectromelia virus BTB/kelch
proteins potentially function as substrate specific adapters for cullin-3-based ubiquitin ligase
complexes.

To determine whether the ectromelia virus BTB/kelch proteins interact with cullin-3, we
generated N-terminal EGFP-tagged versions of each full-length gene. HEK293T cells were
co-transfected with pcDNA-Flag-cullin-3 and either pEGFP-EVMO018, pEGFP-EVMO027,
pEGFP-EVM150, pEGFP-EVM167, or pEGFP-FPV039BHL1, a cytoplasmic version of the
fowlpox virus Bcl-2 protein, as a negative control. Interactions between cullin-3 and the virus
encoded BTB/kelch proteins were then assessed by co-immunoprecipitation. Western blotting
of the cellular lysates with an anti-Flag antibody indicated that Flag-cullin-3 was expressed in
all co-transfected cells (Fig. 3B). Immunoprecipitation and western blotting with an antibody
specific for EGFP indicated expression of EGFP-FPV039BH1, EGFP-EVMO018, EGFP-
EVMO027, EGFP-EVM150, and EGFP-EVM167 (Fig. 3B). The subsequent western blotting
of the immunoprecipitations with an anti-Flag antibody demonstrated a clear interaction
between Flag-cullin-3 and EVM150 and EVM167 (Fig. 3B). However, no interaction was
observed between Flag-cullin-3 and EVMO018, EVMO027 or FPVV039BH1 (Fig. 3B). To confirm
the interactions between cullin-3 and EVM150 and EVM167, we performed reciprocal
immunoprecipitations with the anti-Flag antibody (Fig. 3C). Expression of EGFP-EVM150,
EGFP-EVM167, and EGFP-FPV039BH1 was detected in the lysates by blotting with anti-
EGFP (Fig. 3C). Immunoprecipitation of cell lysates with anti-Flag and western blotting with
anti-Flag or anti-EGFP demonstrated precipitation of Flag-tagged cullin-3 and the co-
immunoprecipitation of EVM150 and EVM167, confirming the previous observation that
EVM150 and EVM167 interact with cullin-3 (Fig. 3C).

The BTB domain of EVM150 and EVM167 is required for interaction with cullin-3

Cellular BTB-containing proteins interact with cullin-3 through the BTB domain (Furukawa
et al., 2003; Geyer et al., 2003; Pintard et al., 2003b; Xu et al., 2003). Therefore, to determine
if the BTB domains of EVM150 and EVM167 are responsible for binding cullin-3, we assessed
the ability of the BTB domains of EVM150 and EVM167 to interact with cullin-3. We
generated EGFP-tagged versions of the BTB domain that included the first 118 amino acids
of EVM150 and the first 123 amino acids of EVM167. HEK293T cells were co-transfected
with pEGFP-EVM150BTB, pEGFP-EVM167BTB, or pEGFP-FPV039BH1 and pcDNA-
Flag-cullin-3. Western blotting of the cellular lysates with anti-Flag antibody indicated that
Flag-cullin-3 was expressed (Fig. 4A). Immunoprecipitation with anti-EGFP precipitated
approximately equal levels of EGFP-FPV039BH1, EGFP-EVM150BTB, and EGFP-
EVM167BTB (Fig. 4A). Cell lysates were subjected to immunoprecipitation with an anti-
EGFP antibody and western blotted with anti-Flag to detect Flag-cullin-3. A clear interaction
between EGFP-EVM150BTB, EGFP-EVM167BTB and Flag-cullin-3, but not EGFP-
FPV039BH1, was detected, establishing that the BTB domains were sufficient for interaction
with cullin-3 (Fig. 4A). These observations were confirmed by performing reciprocal
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immunoprecipitations using an anti-Flag antibody, again demonstrating EVM150BTB and
EVM167BTB interaction with cullin-3 (Fig. 4B). Furthermore, co-transfection with the EGFP-
tagged versions of the kelch domains of EVM150 and EVM167 with Flag-cullin-3
demonstrated that EGFP-EVM150kelch and EGFP-EVM167kelch were unable to interact with
cullin-3 (Fig. 4C). These studies established that the kelch domains alone are unable to interact
with cullin-3 and that the BTB domains are both necessary and sufficient for interaction with
cullin-3 (Fig. 4C).

A highly conserved region in the N-terminus of cullin-1 is important for the interaction with
the linker protein SKP1 (Zheng et al., 2002). Significantly, a similar conserved region in
cullin-3 has recently been shown to be necessary for interacting with cellular BTB domains
(Furukawa et al., 2003). Therefore, to determine if the BTB domains of EVM150 and EVM167
interact with the N-terminal region of cullin-3 similar to cellular BTB domains, we transfected
HEK?293T cells with either pPEGFP-EVM150, pPEGFP-EVM167, or pEGFP-FPV039BH1 and
co-transfected the cells with either pcDNA-Myc-cullin-3 or pcDNA-Myc-cullin-3AN41. Myc-
cullin-3AN41 is missing 41 amino acids in the N-terminal region of cullin-3 which are required
to mediate the interaction with cellular BTB-domain containing proteins (Furukawa et al.,
2003). Western blotting of cell lysates with anti-Myc established that both Myc-cullin-3 and
Myc-cullin-3AN41 were expressed in all the co-transfected cells (Fig. 5A), and
immunoprecipitation indicated that all EGFP-tagged proteins were expressed (Fig. 5A).
Subsequent western blotting of the immunoprecpitations with an anti-Myc antibody
demonstrated an interaction between Myc-tagged cullin-3 and EGFP-tagged EVM150 and
EVM167, supporting our previous observations. No interaction, however, was detected
between EVM150 or EVM167 and Myc-cullin3AN41 (Fig. 5A). We also performed co-
immunoprecipitations with the BTB domains of EVM150 and EVM167 and no interaction
between Myc-cullin-3AN41 and the BTB domain-only constructs of EVM150 and EVM167
were detected (Fig. 5B). Reciprocal immunoprecipitations confirmed these results (data not
shown), indicating that amino acids 34 to 74 in the N-terminus of cullin-3 are required for
interaction with EVM150 and EVM167 (Fig. 5B). To further illustrate that the BTB-cullin-3
interaction was specific for the N-terminal region of cullin-3, we used a second deletion
construct of cullin-3, Myc-cullin-3ARoc1, which is missing amino acids 597 to 615 and unable
to interact with the RING-finger protein Rocl (Furukawa et al., 2003). Co-expression of EGFP-
EVM150 or EGFP-EVM167 with Myc-cullin-3ARoc1 and co-immunoprecipitation
demonstrated an interaction between cullin-3 and EVM150 and EVM167 irrespective of the
presence of the Roc1 binding site (Furukawa et al., 2003) (Fig. 5C). These data illustrate that
EVM150 and EVM167 interact with the N-terminal region of cullin-3 through the BTB
domain.

EVM150 and EVM167 co-localize with cullin-3 during virus infection

To further investigate the function of EVM150 and EVM167 we generated recombinant
vaccinia viruses that expressed Flag-tagged versions of EVMO004, EVM150 and EVM167. The
subcellular localization of EVMO004, the BTB-only containing protein, and EVM150 and
EVM167 was examined in HeLa cells during infection. Both Flag-EVM150 and Flag-EVM167
showed a subcellular distribution during infection; appearing as discrete punctate regions
within the cytoplasm (Fig. 6 a—f). In some cells, low levels of Flag-EVM150 and Flag-EVM167
were detected in the nucleus (Fig. 6 a—f). In contrast, expression of Flag-EVMO004 during
infection, which naturally encodes only a BTB domain, resulted in cytoplasmic staining pattern
distinct from Flag-EVM150 or Flag-EVM167 (Fig. 6 g—i), while no anti-Flag staining was
detected in VV(Cop) infected cells as expected (Fig. 6 j-I). To demonstrate cells were infected
and to determine if the punctate cytoplasmic expression of EVM150 and EVM167 co-localized
with cytoplasmic viral replication factories generated during poxvirus infection, cells were co-
stained with DAPI, which stains both nuclear DNA and DNA-containing cytoplasmic virus
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factories (Fig. 6). This approach demonstrated no obvious accumulation of EVM150 or
EVM167 at the virus factories (Fig. 6 a—f).

Prompted by our previous observations establishing that EVM150 and EVM167 interact with
ectopically expressed cullin-3 (Fig. 3, 4 and 5), we tested the possibility that ectopically
expressed cullin-3 co-localized with EVM150 and EVM167 during infection. HeLa cells were
infected with the T7 polymerase-expressing vaccinia virus, VVT7lacOl and co-transfected
with pcDNA-Flag-cullin-3 and either pEGFP, pEGFP-EVM150, or pEGFP-EVM167 all under
control of the T7 promoter (Alexander et al., 1992;Fuerst et al., 1986). Cullin-3 expression was
detected by staining cells with an anti-Flag antibody, and EGFP fluorescence indicated the
localization of EVM150 and EVM167. HeLa cells infected and expressing EGFP demonstrated
nuclear and cytoplasmic EGFP expression (Fig. 7A a). Expression of Flag-cullin-3, however,
resulted in a punctate cytoplasmic distribution that did not co-localize with EGFP (Fig. 7A b
and c). HelLa cells infected and co-transfected with pEGFP-EVM150 and pcDNA-Flag-
cullin-3 displayed a punctate cytoplasmic staining pattern for EGFP-EVM150 (Fig. 7A d), as
previously observed for cells infected with VVVCop:Flag-EVM150 (Fig. 6). Significantly,
EGFP-EVM150 and cullin-3 demonstrated clear co-localization (Fig. 7 d—f), and a similar co-
localization between EGFP-EVM167 and cullin-3 was also observed (Fig. 7 g—i). As a control,
we performed a similar co-localization experiment using an N-terminal cullin-3 deletion
mutant, cullin-3(200-768), that lacked the BTB interaction domain (Fig. 7B) (Wilkins et al.,
2004). HeLa cells were infected with VVT7lacOl and co-transfected with pEGFP, pEGFP-
EVM150 or pEGFP-EVM167 and pGEMT-Flag-cullin-3(200-768). In contrast to the punctate
localization pattern observed for cullin-3 (Fig. 7A), localization of Flag-cullin-3(200-768) was
diffuse throughout the cytoplasm (Fig. 7B b) and did not co-localize with EGFP (Fig. 7B a—
c), EGFP-EVM150 (Fig 7B d—f) or EGFP-EVM167 (Fig. 7B g-i) supporting our previous co-
immunoprecipitation data and confirming that the interaction between cullin-3 and EVM150
and EVM167 requires the N-terminus of cullin-3.

EVM150 and EVM167 interact with endogenous cullin-3 and Roc1 during infection

Since cullin-3 is typically expressed at low levels within the cell we sought to confirm the
interaction between EVM150 and EVM167 with endogenous levels of cullin-3 during virus
infection. HEK293T cells were infected with VV(Cop) or recombinant VVVCop:Flag-EVMO004,
VVCop:Flag-EVM150, or VVCop:Flag-EVM167. Western blotting of cellular lysates with
anti-cullin-3 showed the presence of cullin-3 in all samples and the expression of Flag-
EVMO004, Flag-EVM150 and Flag-EVM167 was detected by blotting with anti-Flag lysates
(Fig. 8A). Immunoprecipitation using a cullin-3 specific antibody precipitated cullin-3, as
expected and also precipitated Flag-EVM150 and Flag-EVM167 (Fig. 8A). In contrast, no co-
immuoprecipitation of Flag-EVMO004 with endogenous cullin-3 was detected, indicating that
EVM150 and EVM167 interacted with endogenous levels of cullin-3 during infection (Fig.
8A). This interaction was further supported by the ability to detect EVM150 and EVM167
interaction with cullin-3 by a reciprocal immunoprecipitation (Fig. 8B) clearly indicating that
EVM150 and EVM167 associated with cullin-3 based ubiquitin ligases.

To determine if EVM150 and EVM167 interacted with a potentially functional cullin-3 based
ubiquitin ligase we analyzed immunoprecipitations for the presence of Rocl, the RING finger
protein that functions as the ubiquitin ligase and is therefore an essential component of cullin-3
based ubiquitin ligases (Furukawa et al., 2002). Cells infected with VV(Cop), VVCop:Flag-
EVMO004, VVCop:Flag-EVM150 and VVCop:Flag-EVM167 showed no change in the
expression level of Rocl (Fig. 8C) and significantly, Rocl co-immunoprecipitated with both
EVM150 and EVM167 indicative of interaction with a functional cullin-3 based ubiquitin
ligase complex.
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EVM150 and EVM167 associate with conjugated ubiquitin

The observation that EVM150 and EVM167 interacted with endogenous cullin-3 and Rocl in
infected cells suggested that the poxviral BTB/kelch proteins may form functional cullin-3
based ubiquitin ligases resulting in ubiquitination. Given that potential substrates for EVM150
and EVM167 are currently unknown we instead sought to determine if EVM150 and EVM167
co-immunoprecipitated with conjugated ubiquitin. Cells were infected with VVV(Cop) or
recombinant vaccinia viruses expressing Flag-EVM150, Flag-EVM167 or Flag-EVMO004, and
the Flag-tagged proteins were immunoprecipitated with anti-Flag antibody and the
immunocomplexes were subjected to western blotting with an antibody (FK2) that recognizes
conjugated ubiquitin but not free ubiquitin (Fujimuro et al., 1994) (Fig. 9). This approach
detected the immunoprecipitation of Flag-tagged EVM004, EVM150 and EVM167 and
demonstrated the presence of conjugated ubiquitin in EVM150 and EVM167
imunoprecipitations indicating that both EVM150 and EVM167 associated with ubiquitinated
proteins. Notably, VV(Cop) and VV-Flag-EVMO004 infected cells showed little co-
immunoprecipitation of conjugated ubiquitin (Fig. 9).

The presence of conjugated ubiquitin was confirmed by confocal microscopy. HeLa cells were
infected with VVT7lacOl and transfected with either pEGFP, pEGFP-EVM004, pEGFP-
EVM150, or pEGFP-EVM167 and the presence of conjugated ubiquitin was visualized using
the FK2 antibody (Fujimuro et al., 1994). Uninfected HelL a cells stained with the FK2 antibody
showed a diffuse staining pattern of conjugated ubiquitin (Fig. 10 a—d). Upon infection with
VVT7lacOl, which encodes four BTB/kelch proteins, a punctate staining pattern indicative of
regions enriched in conjugated ubiquitin was detected (Fig. 10 panel e-h). HeLa cells infected
and transfected with EGFP again showed punctate cytoplasmic regions of conjugated ubiquitin,
but no co-localization with EGFP (Fig. 10 panel i-l) and a similar lack of co-localization was
also seen in cells expressing EVMO004 (Fig. 10 panel m—p). Cells infected and transfected with
EGFP-tagged EVM150 or EVM167 however, showed regions of obvious co-localization with
conjugated ubiquitin (Fig. 9B panel g—x) suggesting that the ectromelia virus BTB/kelch
proteins EVM150 and EVM167 support the formation of active cullin-3-based ubiquitin ligases
potentiality recruiting unidentified substrates for ubiquitination.

Discussion

The efficient degradation of proteins is crucial for normal cellular function, and the major
mechanism that regulates protein destruction is the ubiquitin proteasome pathway (Pickart,
2001; Weissman, 2001). One family of proteins responsible for the transfer of ubiquitin to the
substrate protein is the cullin-based ubiquitin ligase family (Petroski and Deshaies, 2005). By
interacting with a variety of substrate adapters, cullin-based ubiquitin ligases have the capacity
to direct the precise ubiquitination of a wide range of proteins (Petroski and Deshaies, 2005).
Recently, cellular BTB/kelch proteins have been shown to function as substrate specific
adapters for cullin-3 ubiquitin ligases (Furukawa et al., 2003; Geyer et al., 2003; Pintard et al.,
2003b; Xu et al., 2003). BTB/kelch proteins were first identified in the genome of poxviruses
more than 10 years ago; however, a specific function for these viral proteins has not been
established (Koonin et al., 1992; Senkevich et al., 1993). Here we show that two of the BTB/
kelch proteins encoded by ectromelia virus, EVM150 and EVM167, interact with cullin-3,
suggesting that the viral proteins may function similarly to cellular BTB/kelch proteins as
substrate specific adapters for cullin-3 ubiquitin ligases.

Ectromelia virus strain Moscow, the causative agent of mousepox, contains four genes,
EVMO018, EVMO027, EVM150, and EVM167, that are predicted to encode proteins with both
BTB and kelch domains (Chen et al., 2003) (Fig. 1 and 2A). Using a series of transient
transfection and co-immunoprecipitation experiments we found that EVM150 and EVM167
reproducibly interacted with cullin-3 and that the BTB domain of EVM150 and EVM167 was
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necessary and sufficient for this interaction (Fig. 3 and 4). Similar to cellular BTB-containing
proteins, a conserved domain within the N-terminus of cullin-3 was responsible for interaction
with EVM150 and EVM167, while a C-terminal region of cullin-3 responsible for binding the
RING-finger protein Roc1 was not required (Furukawa et al., 2003) (Fig. 5). Furthermore, both
EVM150 and EVM167 co-localized with ectopically expressed cullin-3 during infection, as

assessed by confocal microscopy (Fig. 7), and interacted with endogenous cullin-3 and Rocl

(Fig. 8).

Confocal microscopy demonstrated that both EVM150 and EVM167 displayed a punctate
distribution in the cytoplasm of infected cells (Fig. 6). In an attempt to discern the role of
cellular structures in the distribution of EVM150 and EVM167 we checked for possible co-
localization with lysosomes, early and late endosomes or the Golgi complex and no co-
localization was apparent, providing no clue to the unique localization of these proteins (B.
Wilton and M. Barry, unpublished data). An examination for the presence of ubiquitinated
proteins during virus infection depicted a similar pattern of localization to EVM150 and
EVM167 (Fig. 10). Further analysis demonstrated co-localization with EVM150 and EVM167
and conjugated ubiquitin (Fig. 10). BTB domains are known to mediate the formation of protein
complexes through homo- and hetero-oligomeric interactions (Ahmad et al., 1998;Albagli et
al., 1995;Bardwell and Treisman, 1994;Katsani et al., 1999;L.i et al., 1999;Muller et al.,
1999;Takenaga et al., 2003), and these large complexes have been observed with a number of
cellular BTB/kelch proteins including Kel-8 in C. elegans, the Drosophila KELCH protein,
and the promyelocytic leukemia (PML) gene product (Li et al., 1999;Robinson and Cooley,
1997;Schaefer and Rongo, 2006). The unique sub-cellular localization of EVM150 and
EVM167 combined with the co-localization to the same regions may therefore be the result of
protein complexes formed through BTB-domain oligomerization and the concordant formation
of organized, cullin-3 ligase-containing ubiquitinating centers.

Although EVM150 and EVM167 interact with cullin-3, we were unable to detect an interaction
between cullin-3 and the other BTB/kelch proteins, EVMO018, EVMO027, or the BTB-only
protein EVMO004 (Fig. 3 and 8). The lack of an interaction may be due to the presence of the
large N-terminal EGFP tag which interferes with the ability of EVMO018, EVM027 and
EVMO04 to interact with cullin-3. Additionally, EVMO018 lacks the N-terminal alpha helix and
beta sheet, which could account for the inability of EVMO018 to interact with cullin-3 (Fig. 1A).
Alternatively, given that BTB domains function in a range of cellular processes other than
ubiquitination, it is possible that EVM018, EVMO027 and EVMO004 have functions independent
of cullin-3 interaction and ubiquitination (Ahmad et al., 2003;Bomont et al., 2000;Melnick et
al., 2000;Minor et al., 2000;Ziegelbauer et al., 2001).

The co-localization and interaction of EVM150 and EVM167 with cullin-3 strongly suggested
that, similar to cellular BTB/kelch proteins, these viral proteins function as substrate adapters
for cullin-3 ubiquitin ligases. Strengthening this idea is the co-immunoprecipitation of Rocl,
a necessary component of the cullin-3 ligase complex (Furukawa et al., 2002). In support of
this, conjugated ubiquitin co-localized with EVM150 and EVM167 and this observation was
confirmed by the co-immunoprecipitation of EVM150 and EVM167 with conjugated ubiquitin
(Fig. 9 and 10). Alternatively, the viral BTB/kelch proteins may function by simply
sequestering cullin-3, thereby inhibiting the ubiquitination of cellular proteins that are normally
regulated by cullin-3. For example, sequestration of cullin-1 by HIV encoded Vpu prevents
IxB ubiquitination and degradation thereby inhibiting NFxB signaling (Margottin et al.,
1998). If EVM150 and EVM167 function by sequestering cullin-3, the co-localization with
conjugated ubiquitin may be due to ubiquitination of components of the cullin-3 ubiquitin
ligase or perhaps EVM150 or EVM167, themselves. Indeed, evidence indicates that
components of cullin ligases are regulated at the level of ubiquitination (Scaglione et al.,
2007; Zhou and Howley, 1998). However, since multiple distinct BTB/kelch proteins are
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encoded within poxvirus genomes we speculate that the BTB/kelch proteins are not simply
sequestering cullin-3 but may be functioning as cullin-3 specific substrate adapters. EVM150
and EVM167 differ within the kelch regions, suggesting the potential for each BTB/kelch
protein to recruit specific substrates to cullin-3-based ubiquitin ligases. Evidence clearly
indicates an important function for the BTB/kelch proteins during poxvirus infection. For
example, deletion of BTB/kelch genes from the genome of cowpox virus and sheeppox virus
dramatically altered virus pathogenicity (Balinsky et al., 2007; Kochneva et al., 2005).
Additionally, deletion of the BTB/kelch proteins, C2L, F3L and A55R, from vaccinia virus,
resulted in altered pathogenesis following intradermal inoculation of mice (Beard et al.,
2006; Froggatt et al., 2007; Pires de Miranda et al., 2003).

To date, only a limited number of targets have been characterized for cullin-3 based ubiquitin
ligases. These include MEI-1 in C. elegans, which regulates the transition from meiosis to
mitosis (Furukawa et al., 2003; Geyer et al., 2003; Pintard et al., 2003a; Pintard et al., 2003b;
Xu et al., 2003); ionotropic glutamate receptors in the neurons of C. elegans (Schaefer and
Rongo, 2006); RhoBTB2, a candidate tumor suppressor deleted in breast and lung cancer
(Wilkins et al., 2004); NRF2, a regulator of oxidative stress (Cullinan et al., 2004; Furukawa
and Xiong, 2005; Kobayashi et al., 2004; Zhang et al., 2004a); topoisomerase |; and cyclin E
(Singer et al., 1999; Zhang et al., 2004b). Although few substrates for cullin-3-based ubiquitin
ligases have been definitively identified, the majority of BTB containing-proteins examined
thus far interact with cullin-3 (Furukawa et al., 2003; Geyer et al., 2003; Kobayashi et al.,
2004; Xu et al., 2003). Combined with the observation that the human genome is predicted to
encode over 200 BTB-containing proteins, this raises the possibility that a wide range of
cellular proteins may be specifically targeted to cullin-3 ubiquitin ligases for ubiquitination.
Given that EVM150 and EVM167 co-localize with conjugated ubiquitin and interact with
cullin-3, we hypothesize that EVM150 and EVM167 may recruit cellular or viral proteins to
cullin-3 ubiquitin ligases for degradation. In fact, other viruses have evolved mechanisms to
specifically recruit cellular proteins to cullin-based ubiquitin ligases (Barry and Fruh, 2006).
The Vif protein of HIV directs the degradation of APOBEC3G through a cullin-5 based
ubiquitin ligase (Bishop et al., 2004; Harris and Liddament, 2004; Yu et al., 2003),
paramyxovirus V protein targets STAT proteins for degradation via cullin-4a (Horvath,
2004), and adenovirus E4orf6 and E1B55K induce p53 degradation through cullin-5 mediated
ubiquitination (Blanchette et al., 2004; Querido et al., 2001). The future identification of any
proteins targeted by the poxvirus BTB/kelch proteins will be highly informative, aiding in the
potential elucidation of cellular anti-viral pathways.

Manipulation of the ubiquitin degradation pathway is emerging as a common theme during
poxvirus infection. We have recently demonstrated that a RING-finger protein, p28, found in
some strains of vaccinia virus, myxoma virus, and ectromelia virus, functions as a bona fide
ubiquitin ligase (Huang et al., 2004; Nerenberg et al., 2005). To date, p28 substrates have not
been identified, but deletion of p28 from ectromelia virus results in attenuated virulence,
indicating an important role for this protein in pathogenesis (Senkevich et al., 1994). The avian
poxviruses contain an expanded family of genes encoding RING-finger proteins that are
predicted to function as ubiquitin ligases (Afonso et al., 2000; Tulman et al., 2004).
Additionally, canarypox and entomopoxviruses encode their own ubiquitin molecules
(Bawden et al., 2000; Tulman et al., 2004). Myxoma virus, the causative agent of myxomatosis
in rabbits, encodes a RING-finger domain protein, M153R, that reduces surface expression of
MHC class | and CD4 by targeting both for degradation (Guerin et al., 2002; Mansouri et al.,
2003). More recently, the myxoma virus MT5 protein, an ankyrin repeat protein that also
contains an F-box-like domain, has been shown to interact with cullin-1 (Johnston et al.,
2005). Numerous other proteins encoded by poxviruses contain F-box-like domains,
suggesting that these proteins interact with cullin-1 to modulate the ubiquitin pathway (Afonso
et al., 2006; Mercer et al., 2005). Our data predicts the existence of yet another important
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mechanism that poxviruses have evolved to modulate the ubiquitin pathway through cullin-3-
based ubiquitin ligases.

The presence of multiple BTB/kelch proteins encoded in almost every genus of the
Chordopoxvirinae suggests an evolutionary important function during poxvirus infection.
Although the specific biological function of EVM150 and EVM167 remains unknown, the
observation that these proteins interact with cullin-3 and co-localize with cullin-3 is the first
described interaction for these proteins. Given that poxviruses encode multiple discrete BTB/
kelch proteins and that EVM150 and EVM167 co-localize with conjugated ubiquitin, we
speculate that cellular or viral proteins are specifically recruited to cullin-3-based ubiquitin
ligases and targeted for degradation by the 26S proteasome. These observations lay the
groundwork for future studies aimed at identifying and characterizing potential cullin-3
substrates targeted by poxviral BTB/kelch proteins that may play a role in cellular anti-viral
pathways.

Materials and Methods

Cells and viruses

Antibodies

HEK?293T, CV-1, HUTK™143B and HeLa cells were obtained from American Type Culture
Collection, and grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 50 U of penicillin/ml, 50 nug of streptomycin/ml and 200 uM
glutamine (Invitrogen Corporation). Baby green monkey kidney (BGMK) cells were routinely
grown in DMEM supplemented with 10% newborn calf serum, 50 U of penicillin/ml, 50 ug
of streptomycin/ml and 200 uM glutamine (Invitrogen Corporation). Recombinant vaccinia
virus strain Western Reserve expressing T7 polymerase (VVT7lacOl) was a gift from Dr. B.
Moss, National Institute of Allergy and Infectious Diseases (Alexander et al., 1992; Fuerst et
al., 1986). VV(Cop) expressing lacZ was a gift from Dr. G. McFadden, University of Florida.
Recombinant ectromelia virus strain Moscow (EVM) expressing B-galactosidase was a gift
from Dr. M. Buller, St. Louis University. All viruses were propagated in BGMK cells and
purified as previously described (Stuart et al., 1991). HeLa or HEK293T cells were infected
at a multiplicity of infection (MOI) of 5 or 10 plaque forming units per cell in 500 pl DMEM
at 37°C. One hour after infection, cells were supplemented with DMEM containing 10% FBS.

Mouse anti-Flag-M2 and anti-Flag-M2-horseradish peroxidase (HRP) conjugate were
purchased from Sigma-Aldrich Company. Rabbit anti-green fluorescence protein (GFP) and
goat anti-GFP antibodies were gifts from Dr. L. Berthiaume, University of Alberta. Mouse
anti-GFP (clone B34) was purchased from Covance Incorporated. Mouse anti-Myc antibody
(clone 9E10) was a gift from Dr. T. Hobman, University of Alberta. Rabbit anti-cullin-3 and
rabbit anti-Rocl were generated as previously described (Furukawa et al., 2003; Ohta et al.,
1999b). Mouse anti-FK2 was purchased from BIOMOL International. Donkey anti-mouse-
and donkey anti-rabbit-horseradish peroxidase-conjugated antibodies were purchased from
Jackson Laboratories. Alexa Fluor 546 goat anti-mouse, Alexa Fluor 546 goat anti-rabbit and
Alexa Fluor 488 goat anti-mouse were purchased from Invitrogen Corporation.

Alignments and secondary structure prediction

Protein alignments for the ectromelia BTB/kelch proteins and the cellular BTB/kelch protein
Keapl were performed via Clustral W (1.82) (http://www.ebi.ac.uk/clustalW/#) (Chenna et
al., 2003). To predict secondary structure, each protein was separately submitted to 3D-PSSM
version 2.6.0 and PYRE version 0.2 (http://www.sbg.bio.ic.ac.uk/~3dpssm/index2.html)
(Kelley et al., 2000). Keap 1 was used as a control and verified by comparison to previous
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published data (Stogios et al., 2005). Predicted secondary structures were then assigned within
the amino acid sequences.

RNA transcripts for EVM004, EVMO018, EVM027, EVM150 and EVM167 were analyzed by
reverse transcription polymerase chain reaction (RT-PCR). CV-1 cells (1 x 10°) were infected
with ectromelia virus strain Moscow at an MOI 5 in the absence or presence of 80 pug/ml of
cytosine B-D-arabinofuranoside hydrochloride (AraC) (Sigma-Aldrich Company). At 4, 8, 12
and 24 hours post infection cells were collected and RNA was extracted with TRIZOL
(Invitrogen Corporation) according to the manufacturers’ directions. To exclude contaminating
viral DNA, RNA was treated with 1Unit/ul DNase (Invitrogen Corporation). Reverse
transcription was subsequently performed using 1ug of RNA and 200 units of SuperScriptl|
reverse transcriptase (Invitrogen Corporation) and Oligo dT (Invitrogen Corporation). The RT
reaction was used as template for PCR using primers specific for the BTB domains of EVMO004,
EVMO018, EVMO027, EVM150 and EVM167. EVMO004 forward primer 5'-(ECoRI)GAATTC
TCATGAGTGATTACTATTTT-3', reverse primer 5'-(BamHI)
GGATCCTTAATAATACCTA GAAAATAT-3'; EVMO018 forward primer 5'-(EcoRlI)
GAATTCTCATGGAAAGCGTGATA TTT-3', reverse 5'-(BamH]I)
GGATCCTTACATCCTTATACAATTTGTGG-3'; EVMO027 forward primer 5'-(Bglll)
AGATCTCATGCCGATATTTGTCAAT-3, reverse 5'-(EcoRI)GAA
TTCTTACTCGACACAATATTCCTTTCT-3’; EVM150 forward primer 5'-(ECORI)GAATT
C TCATGAATAACAGCAGTGAA-3'; reverse 5'-(BamHI)
GGATCCTTAATCGATACAGTTTC TAGA-3'; EVM167 forward primer 5’-(EcoRlI)
GAATTCTCATGGATATTGATGATATT-3'; reverse 5' (BamHI)
GGATCCTTAATATATACAGGTATCATG-3'. To show the inhibition of late gene
expression in the presence of AraC, primers specific to EVMO058 (15L) were used 5’-(EcoRlI)
GAATTCATGGTGGATGCTATAACC-3, reverse 5'-(BamHI)GGATCCACTTTTCA
TTAATAGGGA-3'. As a positive control, -actin was amplified using primers 5'-
GCACCACACCTTCTACAATGAG-3"and 5'-AAATAGCACAGCCTGGATAGCAAC-3'.

Plasmid constructs

Flag- and Myc-tagged cullin-3 constructs and Myc-cullin-3 N41 and Myc-cullin-3 Roc, which
contain deletions of amino acids 34 to 74 and 597 to 615, respectively have been previously
described (Furukawa et al., 2003). Flag-cullin-3(200-768) was generated by PCR using the
forward primer 5-GTCTATGAAGAAGATTTTGAGGCT-3' and the reverse primer 5'-
TTATGCTACATATGTGTATA-3' and subcloned into pGEMT (Promega Corporation).
EVMO004, EVMO018, EVMO027, EVM150 and EVM167 were amplified by PCR from
ectromelia virus DNA using PWO polymerase (Roche Diagnostics Corporation) and gene
specific primers. The amplified products were subsequently cloned into pGemT (Promega
Corporation). To generate pPGEMT-EVMO004, forward primer 5’ (ECORI)GAATCCTCATG
AGTGATTACTATTTT3' and reverse primer 5 (BamHI)GGATCCTTAATAATACC
TAGAAAATAT3 were used. To generate pGEMT-EVMO018, forward primer 5’-(EcoRlI)
GAATTCTCATGGAAAGCGTGATATTT-3' and reverse primer 5'-(BamH]I)
GGATCCCTATTGTAGGAATTTTTT-3' were used. To generate pGemT-EVMO027, forward
primer 5’-(BglI)AGATCTCATGCCGATATTTGTCAAT-3" and reverse primer 5'-(EcoRI)
GAATTCTTACCATCTTATCCCATT-3' were used. To generate pGemT-EVM150, forward
primer 5’-(EcoRI)GAATTCTCATGAATAACAGCAGTGAA-3'and reverse primer 5'-
(BamHI)GGATCCTCAACTACCTATAAAACT-3" were used. To generate pGemT-
EVM167, forward primer 5'-(EcCORI)GAATTCTCATGGATATTGATGATATT-3' and
reverse primer 5’ '-(BamHI)GGATCCTTAGTAGATGGGTAGTGT-3' were used. To
generate N-terminal EGFP-tagged version of EMV004, EVMO018, EVOM27, EVM150 and
EVM167 each gene was subcloned into pEGFP-C3 (Becton, Dickinson and Company) to
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generate pEGFP-EVMO004, pEGFP-EVMO018, pEGFP-EVMO027, pEGFP-EVM150 and
PEGFP-EVM167. To generate EGFP-tagged BTB-only constructs for EVM150 and EVM167
the same forward primers described above were used, and reverse primers were generated
based upon BTB conserved domain alignments generated by NCBI reverse position specific
(rsp) BLAST (Marchler-Bauer and Bryant, 2004). Amplification of the BTB-only domains
used the following reverse primers; EVM150BTB reverse 5'-(BamH]I)
GGATCCTTAATCGATACAGTTTCTAGA-3'; EVM167BTB reverse 5'-(BamH]I)
GGATCCTTAATATATACAGGTATCATG-3". Following amplification, the genes were
cloned into pGemT and subsequently subcloned into pPEGFP-C3 to generate pEGFP-
EVM150BTB and pEGFP-EVM167BTB. To generate EGFP-tagged kelch-only constructs for
EVM150 and EVM167, the gene specific reverse primers described above were used in
combination with forward primers which were created based upon kelch domain alignments
using NCBI rspBLAST (Marchler-Bauer and Bryant, 2004). To amplify the kelch regions of
EVM150 and EVM167 the following forward primers were used; EVM150kelch 5'-(EcoRlI)
GAATTCATGATATCTTCACGTGGATA-3', and EVM167kelch 5'-(ECORI)GAATTC
ATGGAATACAATACCATTTAC-3'. The DNA was amplified, cloned into pGem-T and
subsequently subcloned into pPEGFP-C3 to generate pEGFP-EVM150kelch and pEGFP-
EVM167kelch. pSC66-Flag-EVMO004, pSC66-Flag-EVM150 and pSC66-Flag-EVM167,
which places genes under the control of a poxvirus promoter (Davison and Moss, 1990; Mackett
et al., 1982), were generated by PCR amplification using primers that incorporated the Flag
sequence. To express proteins during VVT7lacOl infection EGFP-tagged constructs were
amplified by PCR using an EGFP forward primer 5" (Kpnl)
GGTACCATGGTGAGCAAGGGCGAG-3' and the gene specific reverse primers for
EVMO004, EVM150 and EVM167. The amplified DNA was cloned into pGemT (Promega
Corporation) placing the genes under control of the T7 promoter to generate pPGEMT-EGFP-
EVMO004, pGEMT-EGFP-EVM150 and pGEMT-EGFP-EVM167. pEGFP-FPV039BH1
encoding a truncated version of the fowlpox virus Bcl-2 homologue was generated as
previously described (Banadyga et al., 2007). Construction of pSC66-EGFP was previously
described (Wasilenko et al., 2003).

Generation of recombinant viruses

To generate recombinant viruses, CV-1 cells were infected with VVV strain Copenhagen
(VVCop) and transfected with pSC66-Flag-EVMO004, pSC66-Flag-EVM150 or pSC66-Flag-
EVM167. Recombinant viruses were selected in HUTK™143B cells in the presence of 25 ug/
ml bromodeoxyuridine and plaque purified using 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (X-gal). The presence of Flag-tagged EVMO004, EVM150 or EVM167 was
analyzed by western blot.

Immunoprecipitations

To determine interaction between the ectromelia virus BTB/kelch proteins and cullin-3,
HEK?293T cells (1x106) were co-transfected with either 2 ug of DNA of the appropriate
construct and 3ug pcDNA3-Flag-cullin-3, pcDNA-Myc-cullin-3, pcDNA-Myc-
cullin-3ARoc1, or Myc-cullin-3 N41 using Lipofectamine 2000 (Invitrogen Corporation). Co-
transfected cells were lysed in NP-40 lysis buffer containing 150 mM NaCl, 1% NP-40, 50
mM Tris (pH 8.0) and EDTA-free protease inhibitors (Roche Diagnostics Corporation). EGFP-
tagged proteins were immunoprecipitated with goat anti-GFP followed by the addition of
protein G sepharose (GE Healthcare) and co-immunoprecipitation was analyzed by western
blotting. Reciprocal immunoprecipitations were performed using mouse anti-Flag M2 and
analyzed by western blot. To determine if Flag-EVM150, or Flag-EVM167 interacted with
endogenous cullin-3 and Roc1 during virus infection, 1x108 HEK293T cells were infected
with VV(Cop), VV-Flag-EVMO004, VV-Flag-EVM150 or VV-Flag-EVM167 at an MOI of 5.
Twelve hours post infection cells were lysed in NP-40 lysis buffer and supernatants were
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subjected to immunoprecipitation with rabbit anti-cullin-3 or anti-Flag. To detect ubiquitinated
proteins that co-immunoprecipitate with either Flag-EVM150 or Flag-EVM167,
immunoprecipitates were blotted with mouse anti FK-2 (Biomol International) which detects
conjugated ubiquitin but not free ubiquitin (Fujimuro et al., 1994).

Infection/Transfection Assays

To express proteins during poxvirus infection, cells were infected with a recombinant vaccinia
virus expressing T7 polymerase, VVT7lacOl, under the control of the lac repressor (Alexander
etal., 1992; Fuerst et al., 1986). Following infection, cells were transfected with plasmids
containing genes of interest under the control of a T7 promoter and T7 polymerase expression
was induced by treating cells with 10mM IPTG. Alternatively, cells were infected with either
vT7lacOl or VV(Cop) and transfected with pSC66 plasmids.

Confocal Microscopy

For fixed cell confocal microscopy, coverslips were seeded with 2.5 x 10° HeLa cells. Cells
were infected with either VV(Cop), VVCop:Flag-EVMO004, VVCop:Flag-EVM150, or
VVCop:Flag-EVM167 at an MOI of 5 for 12 hours, fixed with 4% paraformalydehyde and
permeabilized with 1% NP-40. Coverslips were incubated with anti-Flag antibody (1:200) for
1 hour followed by staining with Alexa 488 goat anti-mouse. Coverslips were washed with
PBS containing 1%FBS and mounted with 4 mg/ml of N-propyl gallate (Sigma Aldrich) in
50% glycerol containing 250 pg/ml 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen
Corporation) to visualize nuclei and cytoplasmic viral factories. To determine co-localization
with Flag-cullin-3, HeLa cells were infected with vT7lacOl for 12 hrs at an MOI of 5 and co-
transfected with either 2 ug of pEGFP, pEGFP-EVM150, pEGFP-EVM167 and 3 pg of
pcDNA-Flag-cullin-3 or pGemT-Flag-cullin-3(200-768). Cells were fixed with 4%
paraformaldehyde and coverslips were stained with anti-Flag antibody (1:200) for 1 hour
followed by staining with Alexa 546 goat anti-mouse. Flag-cullin-3 was detected at 543nm
and EGFP fluorescence was detected at 488nm. To detect the presence of ubiquitinated proteins
by confocal microscopy, HeLa cells were stained with anti-FK2 (1:500 dilution) (Biomol
International) in PBS containing 1%FBS and Alexa 546 goat-anti-mouse to visualize FK2
localization (Fujimuro et al., 1994). Confocal experiments were performed using a Zeiss
Axiovert laser scanning confocal microscope.

Western blotting

Proteins were subjected to SDS-PAGE analysis and transferred to nitrocellulose membranes
(Fischer Scientific) using a semi-dry transfer apparatus (Tyler Research Corporation) for 2
hours at 420 mA. Membranes were blocked overnight in 5% skim milk containing 0.1%
Tween-20, 50 mM Tris (pH7.6) and 150 mM NaCl. EGFP was detected using either rabbit
anti-GFP at a dilution of 1:20,000 or mouse anti-GFP at a dilution of 1:5,000. Flag-tagged
proteins were detected by HRP-conjugated anti-Flag antibody at a dilution of 1:2,000. Anti-
Myc (clone 9E10) was used at a dilution of 1:5,000 to detect Myc-tagged proteins. Anti-cullin-3
and anti-Roc1 were used at 1:2000. Ubiquitinated proteins were detected using anti-ubiquitin
(FK2) (1:2,000) which detects conjugated ubiquitin and not free ubiquitin (Fujimuro et al.,
1994). Membranes were treated with either donkey anti-mouse- or donkey anti-rabbit-HRP-
conjugated antibody at 1:10,000. Proteins were visualized with a chemiluminescence detection
system (GE Healthcare).
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kelch repeat 5
Figure 1.

Proteins encoded by ectromelia virus contain BTB and kelch domains. (A) Amino acid
sequence of BTB domains of EVM004, EVM018, EVMO027, EVM150, EVM167 and the BTB
domain of Keapl. The ectromelia virus-encoded BTB proteins retain the predicted BTB fold
containing a conserved series of alpha helices (grey) and beta sheets (black). Secondary
structures were predicted using 3D-PSSM and PYRE. (B) Alignment of the kelch domain of
EVMO018, EVMO027, EVM150 and EVM167 with the kelch domain of Keapl. Alignments
were generated using ClustralW. EVMO018 and EVM167 are predicted to contain 3 complete
kelch repeats while EVMO027 and EVM150 are predicted to contain 4 and 5 kelch repeats,
respectively.
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Figure 2.
EVMO004, EVMO018, EVM027, EVM150 and EVM167 are transcribed early during ectromelia
virus infection. (A) Schematic representation of the ectromelia virus BTB/kelch proteins
EVMO018, EVMO027, EVM150, EVM167 and the BTB-only containing protein EVMO004. (B)
CV-1 cells were infected with ectromelia virus at an MOI 5 in the presence and absence of
cytosine arabinoside (AraC) and RNA isolated at the indicated times. RNA was subjected to
RT-PCR followed by PCR using gene specific primers to detect transcripts for EVMO004,
EVMO018, EVMO027, EVM150, EVM167, EVMO058 and cellular p-actin.
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Figure 3.

EVM150 and EVM167 interact with cullin-3. (A) A schematic representation of cullin-3 based
ubiquitin ligase. A single protein containing both BTB and kelch domains serves as the
substrate specific adaptor for cullin-3 based ubiquitin ligases. The BTB domain interacts with
cullin-3 and the kelch domain recruits substrates for ubiquitination. (B) HEK293T cells were
co-transfected with constructs to express EGFP-tagged versions of FPV039BH1, EVMO018,
EVMO027, EVM150, EVM167 and Flag-cullin-3. Lysates were western blotted with anti-Flag
to indicate expression of Flag-cullin-3. Immunoprecipitation and western blotting with an
antibody specific for EGFP demonstrated expression of FPVV039BH1, EVMO018, EVM150 and
EVM167. Interaction between EVM150 and EVM167 and cullin-3 was demonstrated by
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western blotting the immunoprecipitations with anti-Flag. (C) Reciprocal
immunoprecipitations were performed with anti-Flag to confirm the interaction between
EVM150, EVM167 and cullin-3. Western blotting of lysates with anti-EGFP demonstrated
expression of FPV039BH1, EVM150 and EVM167. Immunoprecpitation with anti-Flag
demonstrated expression of cullin-3 in the co-transfected samples. Interaction between
EVM150, EVM167 and cullin-3 was demonstrated by subjecting the immunoprecipitations to
western blotting with anti-EGFP.
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The BTB domain of EVM150 and EVM167 is required for interaction with cullin-3. (A)
HEK293T cells were co-transfected with constructs to express EGFP-tagged BTB-only
domains of EVM150 and EVM167 and co-transfected with Flag-cullin-3 and interaction
assessed by co-immunoprecipitation. Westen blotting of lysates with anti-Flag indicated
expression of Flag-cullin-3. Immunoprecipitation and western blotting with an antibody
specific for EGFP demonstrated expression of FPV039BH1, and the BTB-only domains of
EVM150 and EVM167. Interaction between the BTB domains of EVM150 and EVM167 and
cullin-3 was demonstrated by subjecting the immunoprecipitations to western blotting with
anti-Flag. (B) To confirm interaction between the BTB domains of EVM150 and EVM167
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and cullin-3 reciprocal immunoprecipitations were performed with anti-Flag. Expression of
FPV039BH1, EVM150BTB and EVM167BTB was assessed by western blotting lysates with
anti-EGFP. Immunoprecpitation with anti-Flag demonstrated expression of cullin-3 in the co-
transfected samples. Interaction between the BTB domains of EVM150 and EVM167 with
cullin-3 was demonstrated by subjecting the immunoprecipitations to western blotting with
anti-EGFP. (C) The kelch domains of EVM 150 and EVM167 do not interact with cullin-3.
HEK293T cells were transfected with constructs to express EGFP-tagged kelch-only domains
of EVM150, EVM167 and as a positive control the BTB-only domain of EVM150. Cells were
co-transfected with Flag-cullin-3 and interaction assessed by co-immunoprecipitation. Lysates
were subjected to western blotting with anti-Flag to indicate expression of Flag-cullin-3.
Immunoprecipitation and western blotting with an antibody specific for EGFP demonstrated
expression of FPVVO39BH1, BTB-only domain of EVM150 and the kelch-only domains of
EVM150 and EVM167. Lack of interaction between the kelch domains of EVM150 and
EVM167 and cullin-3 was demonstrated by western blotting the immunoprecipitations with
anti-Flag.
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A conserved region in the N-terminus of cullin-3 is necessary for EVM150 and EVM167
interaction with cullin-3. (A) HEK293T cells were co-transfected with constructs to express
EGFP-tagged full-length versions of EVM150, EVM167 and co-transfected with Myc-cullin-3
or Myc-cullin-3AN41. Interaction was assessed by co-immunoprecipitation with anti-EGFP.
Western blotting of lysates with anti-Myc showed expression of Myc-cullin-3 and Myc-
cullin-3AN41. Immunoprecipitation and western blotting with an antibody specific for EGFP
demonstrated expression of FPV039BH1, EVM150 and EVM167. Interaction between
EVM150 and EVM167 and cullin-3 but not Myc-cullin-3AN41 was determined by western
blotting the immunoprecipitations with anti-Myc. (B) Expression of the BTB-only domains of
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EVM150 and EVM167 retain the ability to interact with Myc-cullin-3 but not Myc-
cullin-3AN41. (C) EVM150 and EVM167 interact with both cullin-3 and cullin-3ARoc1.
HEK?293T cells were co-transfected with constructs to express EGFP-tagged full-length
versions of EVM150, EVM167 and co-transfected with Myc-cullin-3ARocl. As a positive
control, EVM150 was co-transfected with Myc-cullin-3. Lysates were subjected to western
blotting with anti-Myc to indicate expression of Myc-cullin-3 and Myc-cullin-3ARoc1.
Immunoprecipitation and western blotting with an antibody specific for EGFP demonstrated
expression of FPVV0O39BH1, EVM150 and EVM167. Interaction between EVM150 and
EVM167 and cullin-3 and Myc-cullin-3ARoc1 was demonstrated by subjecting the
immunoprecipitations to western blotting with anti-Myc.
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Figure 6.

EVM150 and EVM167 localize to cytoplasmic regions during poxvirus infection. HelLa cells
were infected with VVCop:Flag-EVM150 (a-c), VVCop:Flag-EVM167 (d-f), VVCop:Flag-
EVMO004 (g-i) or VV(Cop) (j-I) at an MOI of 5. Twelve hours post infection cells were fixed
and stained with DAPI and anti-Flag to visualize the viral factories and EVM150, EVM167
and EVMO004.

Virology. Author manuscript; available in PMC 2009 April 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wilton et al.

Page 28

Al

EGFP-EVMISD

VVTTaOl

EGFP-EVMIET
VVTNasOi

WMERGE

EGFP

VT iacti

EGFP-EVMISD

VT Tacli

Figure 7.

EVM150 and EVM167 co-localize with Flag-cullin-3 during virus infection. A) HeLa cells
were infected with VVT7lacOl (MOI 5) and co-tranfected with pEGFP (a—c), pEGFP-
EVM150 (d—f) or pEGFP-EVM167 (g—i) and Flag-cullin-3. Expression was induced by the
addition of IPTG. Twelve hours post-infection, cells were fixed and cullin-3 localization
visualized by staining with anti-Flag. EGFP fluorescence indicated the localization of EVM150
and EVM167. B) HeLa cells were infected with VVT7lacOl (MOI 5) and co-transfected with
PEGFP (a-c), pPEGFP-EVM150 (d-f) or pPEGFP-EVM167 (g-i) and pGEMT-Flag-cullin-3
(200-768).
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Figure 8.

EVM150 and EVM167 interact with endogenous cullin-3 and Rocl during infection.
HEK?293T cells were infected with VV(Cop), VVCop:FlagevVMO004, VVVCop:FlagevVM150
or VVCop:Flagl67 at an MOI 5. Twelve hours post-infection cell lysates were generated and
EVM150 and EVM167 interaction with endogenous cullin-3 assessed by co-
immunoprecipitation. (A) Endogneous cullin-3 expression was detected by
immunoprecipitation and western blotting with a cullin-3 specific antibody. Interaction
between EVM150 and EVM167 and cullin-3 was demonstrated by western blotting with anti-
Flag. (B) Interaction between cullin 3 and EVM150 and EVM167 was assessed by reciprocal
immunoprecipitation using anti-Flag followed by western blotting with anti-cullin 3. (C) Rocl
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co-immunoprecipitates with EVM150 and EVM167. Cellular lysates were analyzed by
immunoprecipitaiton with anti-Flag followed by western blotting with anti-Roc1.
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Figure 9.

Conjugated ubiquitin co-immunoprecipitates with EVM150 and EVM167. HeL a cells were
infected with VV(Cop), VVCop:FlagevVM004, VVCop:FlageVM150 or
VVCop:FlageVM167 at an MOI 5. Twelve hours post infection the cells were subjected to
immunoprecpitation with anti-Flag. Expression of Flag-EVM150 and Flag-EVM167 was
detected by immunoprecipitation with anti-Flag followed by western blotting with anti-Flag-
HRP. Co-immunoprecipiation of EVM150 or EVM167 with conjugated ubiquitin was detected
by immunoprecipitation with anti-Flag followed by western blotting with the anti-ubiquitin
antibody (FK2) which detects only conjugated ubiquitin.
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Figure 10.

EVM150 and EVM167 co-localize with conjugated ubiquitin. HeLa cells were infected with
VVT7lacOl (MOI 5) and transfected with pEGFP, pEGFP-EVMO004, pEGFP-EVM150, or
PEGFP-EVM167. Expression was induced by treatement with IPTG and twelve hours post-
infection cells were fixed and stained with DAPI to visualize nuclei and virus factories and
conjugated ubiquitin was detected with an antibody (FK2) that detects conjugated ubiquitin.
(A-D) Mock infected HeLa cells display a diffuse staining pattern of conjugated ubiquitin. (E-
H) HeLa cells infected with VVT7lacOl demonstrate a punctate localization of conjugated
ubiquitin. (I-L) EGFP expression during virus infection does not co-localize with conjugated
ubiquitin. (M-P) EGFP-EVVMO004 does not co-localize with conjugated ubiquitin. (Q-T) EGFP-
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EVM150 co-localizes with conjugated ubiquitin. (U-X) EGFP-EVM167 co-localizes with
conjugated ubiquitin.
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