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F-Box-Like Domains are Present in Most Poxvirus Ankyrin Repeat Proteins
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Abstract. Vertebrate poxviruses encode numerous proteins with the ankyrin (ANK) repeat, protein—protein
interaction motif but little is known about the role(s) of this large family of poxvirus proteins. We report
here that the vast majority of poxvirus ANK repeat proteins share a general molecular architecture that
includes a conserved amino acid motif at the carboxyl terminus. This motif is most like the F-box seen in a
range of cellular proteins. From 80-100% of the ANK repeat proteins of any one poxvirus have an F-box-
like domain and we observed only one poxvirus protein with an F-box-like domain but lacking ANK
repeats. The proteins of only one genus of vertebrate poxviruses lack F-box-like domains and this genus
does not encode ANK repeat proteins. Many F-box proteins are recognition subunits of ubiquitin ligase
complexes in which the F-box binds to core elements of the complex and protein—protein interaction
domains in the remainder of the protein bind the substrate protein. These observations suggest a general
model of the function of the poxvirus ANK-F-box proteins. We propose that the F-box-like domains in
these proteins interact with cellular ubiquitin ligase complexes and thereby direct the ubiquitination of
proteins bound to the ANK repeats. The large number of different poxviral ANK-F-box proteins suggests a
wide range of cellular proteins might be subjected to ubiquitin-mediated degradation, thereby modulating
diverse cellular responses to viral infection.
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The ankyrin (ANK) repeat motif is a sequence of
33 amino acids named after the cytoskeletal pro-
tein, ankyrin, which contains 24 copies of the re-
peat [1]. Although the very many proteins in which
the ANK motif occurs have a diverse range of
functions, the conserved role of the motif as a
mediator of specific protein—protein interactions is
well documented [2-4]. ANK repeat proteins are
present in bacteria, archebacteria and eukaryotes,
but have not been widely reported in viruses. An
exception to this generalization is the chord-
opoxviruses. The members of seven of the eight
genera of this subfamily each contain multiple
genes encoding ANK repeat proteins and a recent
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report of the genome of Canarypox virus listed 51
ANK repeat genes, representing 21% of the gen-
ome [5]. The presence of poxviral ANK proteins
was recognized soon after the motif was named
[6-9]. Some analyses of the roles of a few of these
proteins have been reported. One of the vaccinia
virus (VACV) proteins (K1L) recognized as car-
rying ANK repeats had already been established
as a determinant of host range [10] and more re-
cently it has been shown to contribute to the
inhibition of NF-kB activation in infected cells
[11]. A myxoma virus (MYXV) ANK repeat
protein (MYXV 153) that interferes with the
inflammatory response has also been suggested to
interact with NF-kB [12]. However the mecha-
nisms of actions of these proteins remain
unknown. Indeed, surprisingly little is known
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about the possible roles of this largest family of
poxvirus proteins. Here we report that an F-box-
like domain is conserved in the majority of pox-
viral ANK repeat proteins and postulate a general
role for this family of proteins. In addition the
data suggest a new class of the F-box domain.

We examined the 5 ANK repeat proteins of Orf

virus (ORFYV), the type species of the genus
Parapoxvirus [13,14], and identified that these
proteins show significant sequence similarity to
each other (BLASTP scores from 304 to 139),
share a similar length (497-525 amino acids) and
have a similar number (6-9) of copies of the ANK
motif located within the N-terminal two-thirds of
each peptide (Fig. 1). Nearer to the C-termini there
is no evidence of ANK motifs but the peptides
continue to show sequence similarities. This is most
evident in a region approximately 30 amino acids
from the C-terminus, which includes an octapeptide
string that is identical in 3 of the 5 proteins. Searches
of protein domain databases revealed a low level
match between this region of one of the proteins
(ORFYV 128) and the F-box domain, prompting us
to look more closely at this region of the ORFV
proteins. This revealed the presence of an F-box-

(a)

like domain near the C-terminus of each of the
ORFV ANK proteins (Fig. 1). Consensus F-box
domains have approximately 50 residues and have
few invariant positions [15,16] (Fig. 1). The viral
sequences are generally shorter than the estab-
lished F-box but the consensus ORFV sequence
(LPXE[IVL][VLIXX[IV]ILXX[VL]XXXXL) con-
serves significant numbers of the F-box consensus
residues. These include positions 1 (Leu), 2 (Pro), 9
(Ile/Val) and 13 (Val/Leu) of the ORFYV consen-
sus, which are 4 of the 5 most conserved residues of
F-box motifs [16].

We compared the ORFV F-box-like sequence
with proteins of other vertebrate poxviruses and
found that numerous proteins contained similar
sequences. Fig. 2 shows the F-box-like sequences
present in proteins of 7 poxviruses, each repre-
senting a separate genus. In all cases the motif was
located at the C-terminus of the protein and in
very nearly all cases the proteins also contained
ANK repeats. For example, each of the four
myxoma virus (MYXV) ANK proteins contain a
C-terminal F-box-like motif (Fig. 2). The same is
also true of the ANK proteins of Swinepox virus
(SWPV) and Yaba monkey tumor virus (YMTYV).
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Fig. 1. Analysis of ORFV ANK repeat protein sequences. (a) Schematic representation of the S ORFV ANK repeat proteins. The full
length of each protein is represented by a black line with the total number of amino acids shown at the right end. Each ANK repeat
predicted by SMART (Simple Modular Architecture Research Tool, http://smart.embl-heidelberg.de) is shown as a shaded box along
with its amino acid coordinates. The number of amino acids downstream of the last ANK repeat is shown in brackets. F-box-like
motifs are indicated by black boxes. (b) Alignment of the amino acid sequences of the C-terminus of each ORFV ANK repeat protein.
Residues present in all 5 sequences are indicated by a cross-hatch (#). Residues shared by the majority of sequences are shaded. The
bottom portion of the figure shows 2 published consensus sequences of the F-box (A, [20] and B, [30]) and 2 examples of human F-box
proteins, Skp2 and cyclin F. ORFYV residues consistent with the consensus sequences are reverse shaded. The amino acid sequences are
of proteins of ORFYV strain NZ2 (GenBank accession numbers CAD99262, CAD99381, CAD99388, CAD99390 and CAD99391) and
have been numbered so as to assist comparisons with published data [14].
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Fig. 2. Amino acid sequence alignments of the C-termini of ANK repeat proteins of representative mammalian poxviruses and
fowlpoxvirus. A consensus F-box sequence [30] is shown along with a consensus of the poxviral F-box-like domain with lower case
letters representing variant positions as follows: i, representing I, L or V; d representing D or E; and 1 representing L or 1. A dot (.)
indicates nonconserved positions. Residues identical with the poxviral consensus are reverse shaded and conservative changes shaded
in gray. Also shown for each protein are the total number of amino acids (Size), the number of ANK repeats (ANKs), and the
number of amino acids downstream of the last predicted ANK repeat (Tail). The presence (Y) or absence (N) of a predicted F-box
is summarised in the right-most column (F-box). Question marks indicate low matches with the consensus sequences that introduce
some uncertainty to these predictions. Peptides encoded by adjacent ORFs that might be derived by fragmentation or truncation of a
single ORF are indicated by a vertical line that brackets their names and by appropriate text adjacent to their sequences. The sequence
shown for FWPV231 is marked with an asterik to indicate that this is from an adjacent, apparently intergenic region (see text). ORFV
amino acid sequences are as described in Fig. 1. Other sequences are from the Poxvirus Bioinformatics Resource Center database (http://
www.poxvirus.org) and are derived from the following isolates: MYXV strain Lausanne, SWPV isolate 17077-99, YMTV Yaba
monkey tumor virus, LSDV Neethling isolate 2490, CMLYV strain M96, and FWPV strain FCV. In some instances where the amino acid
sequences shown have been truncated, the number of residues not included’is given in square brackets.
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Lumpy skin disease virus (LSDV) also encodes 4
ANK proteins with associated C-terminal F-box-
like domains. However, it encodes a further ANK
protein (YMTV008 and LSDVO012) that does not
contain an F-box. A similar situation occurs with
the orthopoxvirus, Camelpox virus (CMLV) in
which one of the ANK proteins (CMLV028) does
not contain an F-box. Several small, truncated
CMLV ANK proteins (CMLV 015, 016, 017, 199
and 200) also do not have an obvious F-box but
the F-box-like motif is apparent in the full-length
orthologs of these proteins present in other or-
thopoxviruses, for example, VACV CI9L and B18R
(not shown). CMLVO030 is a truncated ortholog of
one of the most well studied poxvirus ANK repeat
proteins, VACV KI1L. None of the orthopoxvirus
versions of this protein have an F-box-like do-
main.

This analysis shows that each of the mammalian
poxviruses typically encodes 4 or 5 ANK proteins
and that 80-100% of these proteins have a C-ter-
minal F-box-like domain. The only genus of the
vertebrate poxviruses not to encode ANK repeat
proteins is the molluscipoxvirus and we found no
evidence of F-box-like motifs in molluscipoxvirus
proteins.

Avipoxviruses encode numerous ANK proteins
and a search of the fowlpoxvirus (FWPV)
sequences detected F-box-like domains in 19 pro-
teins. In all cases the motif is at the C-terminus and
in all but two cases the protein also carries ANK
repeat motifs. FWPV has been reported to encode
31 ANK proteins and we therefore examined each
of these to see if there was an explanation for the
apparent lack of an F-box in a significant number
of them. The C-terminal regions of all of the
FWPV ANK proteins are shown in Fig. 2 with the
F-box-like domains marked. Two of the ORFs
(223 and 224) that contain ankyrin repeats but not
an F-box motif are adjacent and short (141 and
146 amino acids, respectively). The next down-
stream gene (225) on the other hand does not
contain ANK repeats but does have a C-terminal
F-box. The DNA sequence of these 3 ORFs
would, if combined, encode a peptide of 519 amino
acids dominated by ANK repeats and with a C-
terminal F-box-like domain. It seems plausible
that this region may represent a single gene that
has become fragmented. Similar events are likely
to explain the lack of F-box domains in ORFs 230

and 231. Together these two ORFs could encode a
433 amino acid peptide and in the adjacent
downstream intergenic region, but apparently out
of frame, is the potential to code for a strong
match with the poxvirus F-box motif. These
observations again suggest that this region repre-
sents a single ANK-F-box gene that has become
fragmented. FWPV ORFs 241, 242 and 243 might
also represent a single ORF that once encoded a
single large ANK-F-box but has been fragmented.
FWPV ORF 034 is 415 amino acids long, contains
ANK repeats but no F-box. Intriguingly, the
corresponding protein of canarypox virus
(CNPVO017) is a little longer (486 amino acids) and
contains a C-terminal F-box, raising the possibility
that a deletion event has truncated FWPV(34.
Five further FWPV proteins (ORFs 023, 024, 115,
216 and 245) contain ANK repeats but show little
evidence of an F-box with no obvious explanation
for this absence. In summary there appear to be 27
FWPV ANK genes (some of which have
become fragmented), and 22 (81.5%) of these carry
an F-box-like domain.

We also identified a FWPV ORF (006 and its
counterpart repeated at the other end of the gen-
ome, 255) that includes a C-terminal F-box but
does not carry ankyrin repeats. This protein shows
a general sequence relatedness to a family of
poxvirus proteins exemplified by VACV CI0L.
However other members of the family do not
contain F-box-like domains.

This analysis reveals that greater than 80% of
poxviral ANK repeat proteins carry a C-terminal
F-box-like domain and that this domain is also
present in a small number of additional poxvirus
proteins. The consensus sequence of the poxviral
F-box is LPXE[IVL]IXXXI[IVL]IXX[IVL]XXX|-
DEJ[IL]. In addition these proteins share the
organizational features of the ORFV proteins
summarized in Fig. la. These features include a
size of between 400 and 600 amino acids and the
presence of 5-10 ANK repeats. Particularly striking
is the clustering of the ANK repeats towards the N-
terminus, leaving a region of 150-200 amino acids
which lacks ANK repeats but which terminates with
an F-box-like domain (Fig. 2).

The widespread distribution of the F-box-like
motif in poxviral ANK proteins confirms the sig-
nificance of the sequence we first detected in
ORFV ANK proteins and also raises the possi-
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bility that this large family of proteins might form
a functionally related group. The presence of an
F-box-like motif provides a strong clue as to what
that function might be.

Many F-box proteins are the target recognition
subunits of ubiquitin ligase complexes. The abun-
dance of numerous cellular proteins is regulated by
the ubiquitin-proteasomal degradation system in
which polyubiquitin chains are formed on target
proteins by the sequential activities of El, E2 and
E3 enzymes [17]. The specificity of the ubiquiti-
nation process is provided by the ubiquitin ligase,
E3, which binds the target protein and completes
the transfer of ubiquitin to it. The poly-ubiquiti-
nated substrates are subsequently degraded by the
26S proteasome.

An important class of the E3 ubiquitin ligases is
the multi-subunit RING-finger type in which a
molecular scaffold is provided by a cullin
protein that simultaneously interacts with an
adaptor protein and a RING-finger protein, The_ best
understood example is the SCF (Skpl, Cullinl, F-box)
complex involving Cullin-1, with Skpl acting as the
adaptor protein and Rbxl as the RING-finger [18,19].
Substrate specificity is provided to this core complex
by F-box proteins. These function as a bridge in which
the F-box domain binds to Skpl and other protein—
protein interaction domains in the remainder of the
F-box protein recruit the substrate protein to the
complex [20,21]. An example of such complexes is
shown in Fig. 3 in which the F-box protein, Skp2,
mediates the ubiquination of P27. The F-box
domain of Skp2 binds to Skp1 and the P27 substrate
is recruited to the complex via its binding to leucine-
rich domains in Skp2. The interchangeable nature
of the large number of F-box proteins allows the
SCF complexes to target diverse substrates and to
control a diverse range of cellular functions [19].

A Trp at position -3 relative to the first Leu is
present in the human F-box protein, Skp2, and
although this residue is not generally included in
F-box consensuses, structural analysis has shown
it to be one of the residues that contact
Skp1[20]. A Trp at this position is not seen in
the parapoxvirus F-box-like domains but is
present in many of F-box-like motifs of the
other poxvirus genera.

Based on the observations reported here that
poxviral ANK proteins carry both the ANK pro-
tein—protein interaction domain and a terminal F-

box-like motif, we postulate that most members of
this family of proteins function in a manner related
to that of cellular F-box proteins, interacting via
the F-box with cullin-based ubiquitin ligase com-
plexes such as SCF to direct the ubiquitination of
cellular proteins that are brought to the E3 com-
plex via their interactions with the ANK repeat
motifs within the viral protein. The model we
propose is illustrated in Fig. 3 in which the viral
F-box interacts with an unidentified adaptor
molecule bound to a cullin and a RING protein.
The specific protein targeted for ubiquitination
and subsequent degradation would be defined by
the particular ANK repeat. The large number of
different ANK-F-box proteins observed in any one

Substrate

Fig. 3. Comparison of the structure of SCF E3 ubiquitin ligase
complexes with a model of the proposed ubiquitin ligase
complex incorporating poxvirus ANK-F-box proteins. The top
image shows an SCF complex. SCFS*P? directs the formation of
polyubiquitin (U) chains on a specific substrate (p27%!). Cul-1
provides a scaffold that at one end binds the adaptor protein,
Skpl, and at the other end the RING-finger protein, Rbxl.
F-box>*P? binds Skpl via its F-box and recruits the substrate via
leucine-rich repeat(LRR) domains (20,21), Activated ubiquitin
is transferred from El to the carrier, E2, before ligation to the
target. The bottom image illustrates the model we propose in
which poxviral ANK-F-box proteins bind to an unindentified
RING-Cullin-Adaptor complex and bring about polyubiquiti-
nation of substrates recruited via binding to the ANK repeat
motifs.
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poxvirus suggests that a wide range of cellular
proteins might be degraded, thereby modulating
diverse cellular responses to viral infection. For
example, although SCF-F-box ubiquitin ligases
have been most studied in the context of cell cycle
regulation, these complexes are also active in other
processes including regulating apoptotic signalling
[22] and interferon receptor turnover [23].

Two features of the viral ANK-F-box-like
proteins are not typical of F-box proteins. Firstly,
the F-box is typically near the N-terminus of a
protein rather than at the C-terminus [24]. Sec-
ondly, although F-box proteins typically carry
additional protein—protein interaction domains
such as WD repeats and leucine-rich repeats,
these domains have not been reported to include
ANK repeats [24]. On the other hand both of
these features occur in a related family of
proteins, the SOCS (suppressor of cytokine sig-
naling) box proteins [25]. The SOCS box is
approximately 40 amino acids long, typically oc-
curs at the C-terminus and is related in sequence
to the F-box. SOCS box proteins also typically
carry additional protein—protein interaction do-
mains and in one sub-family of the group this
domain consists of ANK repeats. In addition
SOCS box proteins have the same target-speci-
ficing role as F-box proteins but within ECS
(elonginC, cullin2, SOCS-box) E3 ubiquitin ligase
complexes and target, for example, components
of the cytokine signal transduction pathway [26].
These features make it tempting to speculate that
the poxviral ANK proteins might be members of
the SOCS box family. However the C-termini of
the poxviral proteins are clearly more like the
current consensus of F-box domains.

Although F-box motifs are rare among viruses
[27], use of the proteasome system to degrade
cellular proteins and thereby enhance viral repli-
cation is not [28]. Examples include the ubiquiti-
nation and degradation of the p53 tumor
suppressor directed by the human papillomavirus
E6 protein and the targeting of the same cellular
protein by adenovirus E4orf6 and E1B 55K. This
latter interaction involves viral recruitment of a
cullin-based E3 ubiquitin ligase complex similar to
SCF [29]. Our model of the action of poxviral ANK-
F-box proteins is therefore consistent with types of
manipulation of the cellular environment seen with
other virus families. It also provides a testable

hypothesis for the function of the large group of
poxvirus ANK repeat proteins as well as indicat-
ing a new F-box-like domain.

Acknowledgments

This work was supported by the Health Research
Council of New Zealand. We gratefully acknowl-
edge discussions with Kay Hofmann.

References

1. Lux S.E., John K.M., and Bennett V., Nature 344, 36-42,
1990.

2. Mosavi L.K., Cammett T.J., Desrosiers D.C., and Peng
Z.Y ., Protein Sci 13, 1435-1448, 2004.

3. Mohler P.J., Gramolini A.O., and Bennett V., J Cell Sci
115, 1565-1566, 2002.

4. Sedgwick S.G., and Smerdon S.J., Trends Biochem Sci 24,
311-316, 1999.

5. Tulman ER., Afonso C.L., Lu Z., Zsak L., Kutish G.F.,
and Rock D.L., J Virol 78, 353-366, 2004.

6. Howard S.T., Chan Y.S., and Smith G.L., Virology /80,
633-647, 1991.

7. Massung R.F., McFadden G., and Moyer R.W., J Gen
Virol 73, 2903-9211, 1992.

8. Shchelkunov S.N., Resenchuk S.M., Totmenin A.V., Bli-
nov V.M., Marennikova S.S., and Sandakhchiev L.S.,
FEBS Lett 327, 321-324, 1993.

9. Smith G.L., Chan Y.S., and Howard S.T., J Gen Virol 72,
1349-1376, 1991.

10. Gillard S., Spehner D., Drillien R., and Kirn A., Proc Natl
Acad Sci USA 83, 5573-5577, 1986.

11. Shisler J.L., and Jin X.L., J Virol 78, 3553-3560, 2004.

12. Camus-Bouclainville C., Fiette L., Bouchiha S., Pignolet
B., Counor D., Filipe C., Gelfi J., and Messud-Petit F.,
J Virol 78, 2510-2516, 2004.

13. Mercer A.A., and Haig D.M., in Granoff A., and Webster
R.G. (eds), Encyclopedia of Virology. Academic Press, San
Diego, 1999, pp. 1140-1146.

14. Delhon G., Tulman E.R., Afonso C.L., Lu Z., de la
Concha-Bermejillo A., Lehmkuhl H.D., Piccone M.E.,
Kutish G.F., and Rock D.L., J Virol 78, 168-177, 2004.

15. Bai C., Sen P., Hofmann K., Ma L., Goebl M., Harper
J.W., and Elledge S.J., Cell 86, 263-274, 1996.

16. Kipreos E.T., and Pagano M., Genome Biol 1, Reviews
3002.1-3002.7, 2000.

17. Pickart C.M., Annu Rev Biochem 70, 503-533, 2001

18. Tyers M., and Jorgensen P., Curr Opin Genet Dev 10, 54—
64, 2000.

19. Cardozo T., and Pagano M., Nat Rev Mol Cell Biol 5,
739-751, 2004.

20. Schulman B.A., Carrano A.C., Jeffrey P.D., Bowen Z.,
Kinnucan E.R., Finnin M.S., Elledge S.J., Harper J.W.,
Pagano M., and Pavletich N.P., Nature 408, 381-386,
2000.



21.

22.

23.

24.

25.

F-Box-Like Domains in Poxvirus Ankyrin Repeat Proteins 133

Zheng N., Schulman B.A., Song L., Miller J.J., Jeffrey
P.D., Wang P., Chu C., Koepp D.M., Elledge S.J., Pagano
M., Conaway R.C., Conaway J.W., Harper J.W., and
Pavletich N.P., Nature 416, 703-709, 2002.

Nateri A.S., Riera-Sans L., Da Costa C., and Behrens A.,
Science 303, 13741378, 2004.

Kumar K.G., Tang W., Ravindranath A.K., Clark W.A.,
Croze E., and Fuchs S.Y., Embo J 22, 5480-5490, 2003.
Jin J., Cardozo T., Lovering R.C., Elledge S.J., Pagano M.,
and Harper J.W., Genes Dev 18, 2573-2580, 2004.

Kile B.T., Schulman B.A., Alexander W.S., Nicola N.A.,
Martin H.M., and Hilton D.J., Trends Biochem Sci 27,
235-241, 2002.

26.

27.
28.

29.

30.

Alexander W.S., and Hilton D.J., Annu Rev Immunol 22,
503-529, 2004.

Both G.W., Virology 304, 425-433, 2002.

Banks L., Pim D., and Thomas M., Trends Biochem Sci 28,
452-459, 2003.

Querido E., Blanchette P., Yan Q., Kamura T., Morrison
M., Boivin D., Kaelin W.G., Conaway R.C., Conaway
J.W., and Branton P.E., Genes Dev 15, 3104-3117, 2001.
Kim J., Kim J.H., Lee S.H., Kim D.H., Kang H.Y., Bae
S.H., Pan Z.Q., and Seo Y.S., J Biol Chem 277, 24530~
24537, 2002.



